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 The Saline Valley Conservancy District (SVCD) formed in 1980 to provide a stable 
source of water to many communities in Southern Illinois.  The SVCD well field located in the 
thickest, most productive region of the Saline Valley Aquifer lies directly adjacent to a reclaimed 
coal mine.  Subsurface movement and surface discharge from the mine has been shown to be 
responsible for deterioration of water quality in the surrounding area, including the aquifer.  
Previous studies conducted in the region have addressed water supply issues and simulated 
contaminant transport from the reclaimed mine.  The limited scope of these models did not 
extend to natural hydrogeological boundaries.  This study extended the model boundaries to 
natural boundaries including the Saline River to the south, the Wabash and Ohio Rivers to the 
east, and the bedrock high pinch-out and fining valley textures to the west.  The flow model uses 
parameters from each study as a base then calibrated to 18 discrete head measurements.  Initial 
contaminant transport runs using values from previous studies show successful mine reclamation 
except for surface discharge to a nearby ditch from well pumping.  An analysis was performed 
that varied parameters to determine if any likely scenarios may cause the plume to travel farther 
than anticipated.  These scenarios include things such as cessation of surface discharge, 
increasing contaminant source load, and altering recharge and hydraulic conductivity.  In all 
cases sulfate concentrations in the SVCD production wells modeled up to 155mg/L which is 
under the EPA drinking water guideline for sulfate.  Three wells in particular, SVCD-1, SVCD-
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4, and SVCD-7 never model higher than 7mg/L indicating that several wells lie outside the 
influence of the sulfate plume.  Based on the results of the scenario analysis, the mine can shut 
off remediation pumping without overly contaminating the SVCD water supply. 
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CHAPTER 1  
INTRODUCTION 
INTRODUCTION 
 Historically, small communities in Southern Illinois have encountered water supply 
issues in drier months of the year (Poole and Sanderson, 1981).  The Saline Valley Conservancy 
District (SVCD) formed in order to provide a stable source of water to many communities in 
Southern Illinois.  The SVCD well fields located in the thickest, most productive region of the 
Saline Valley Aquifer lie directly adjacent to a reclaimed coal mine.  Over time, discharge from 
this mine resulted in contamination of ground and surface water in the surrounding area, 
including the aquifer.   
BACKGROUND 
The SVCD formed in 1980 and has developed groundwater resources in Saline and 
Gallatin counties in Southeastern Illinois (Poole & Sanderson, 1981).  Most townships in these 
counties obtain water from the SVCD.  Seven wells, four at any given time, actively pump 
approximately 3.8x10
3
m
3
/d (700gpm) for a total of 1.23x10
4
m
3
/d (3.25Mgpd) to satisfy these 
needs. 
In 1968, Peabody opened the Eagle No. 2 mine in Gallatin County.  At that time, the 
Federal government did not require mine reclamation.  Things changed when the Senate Report 
No. 92-1162 Surface Mining Reclamation Act of 1972 began holding mining companies 
responsible for impacts to groundwater resources.  Originally the mine site included a lake, two 
slurry ponds (Slurry 1a and Slurry 5), and a refuse area to the south of the two slurry ponds.  In 
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1985 Peabody created a third slurry pond (Red Pond or Slurry 3) on the eastern edge of the mine 
property.  Eventually, Peabody began pumping from a total of six remediation wells.  Current 
pumping occurs from three wells in order to contain a contaminant plume which is migrating 
west of the mine site into groundwater resources.  Each remediation well discharges into the lake 
(make-up lake) which then discharges to a small stream (Fig. 1-1).  The mine ceased production 
in 1993 (Geosyntech, 1995) and began reclamation in July 1994 (Prickett, 1997).  Historical 
overhead satellite pictures can be found in Appendix A. 
 
Figure 1-1 Peabody Eagle No. 2 mine, Gallatin County. 
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Originally in 1982, the SVCD began pumping three wells from a well field located 
approximately 1.5km (0.93mi) southwest of the mine near the town of Junction; SVCD-1, 
SVCD-2, and SVCD-3.  SVCD-4 started pumping in 1991 and SVCD-5 in 1995.  The SVCD 
noticed rising sulfate levels in the original well field beginning almost immediately after SVCD-
5 began pumping, particularly in SVCD-2 and SVCD-5.  SVCD-5 ceased pumping and was 
sealed in 2000 as sulfate levels rose over 200mg/L.  SVCD-6, SVCD-7 and SVCD-8 came 
online to the northwest of the mine in 2000, 2006, and 2011 (Fig. 1-2).   
 
Figure 1-2 SVCD production and mine remediation wells.  Yellow shows SVCD wells currently 
online, red are sealed wells, and green indicate remediation wells. 
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Because of the rising sulfate levels, in 2000 the SVCD filed a lawsuit against Peabody 
Coal Company.  As part of an out of court settlement between the two parties, responsibility fell 
on Peabody to seal SVCD-5 and install a new well (SVCD-6) outside of the influence of the 
sulfate plume.  The lawsuit also established a groundwater monitoring program around the mine 
and Peabody and the SVCD agreed upon a combined pumping rate from all remediation wells of 
6.54x10
3
m
3
/d (1200gpm) to contain the plume.   Peabody sold the mine to Patriot Coal in 2007. 
Patriot Coal has since sought bankruptcy and claims they can no longer afford to continue 
remediation pumping. 
LOCATION 
 An aquifer fills the Saline River Valley (Saline Valley Aquifer) and underlies about half 
of Gallatin County, IL (Fig. 1-3).  Several towns are located above the aquifer including 
Ridgway, Shawneetown, Old Shawneetown, Inman, and Junction.  The Eagle No. 2 underground 
mine is located approximately 2.6km (1.6mi) northeast of Junction, below the aquifer (Fig. 1-4).  
Surficial coal processing operations occurred above the aquifer.   
PREVIOUS WORK 
 There have been many studies surrounding this mine since 1981.  An aquifer potential 
study was completed by Poole and Sanderson in 1981.  The original flow model was created in 
1995 by Geosyntech Consultants.  Contaminant transport models were completed in 1997 and 
2003 by Thomas Prickett and Associates and Environmental Simulations Inc. (ESI) respectively.  
In 2005, Sara Hoyal created an expanded flow model that was never completely finished. 
Poole and Sanderson (1981) evaluated the aquifer in order to determine its productivity 
for the SVCD.  Using field methods such as electrical resistivity tests and aquifer pumping tests,  
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Figure 1-3 Digital elevation model of eastern Gallatin County.  Illinois portion of the aquifer to 
be modeled is outlined in red.  Aquifer extends under the Ohio River and into Indiana.  Dark blue 
represents the lowest elevation at the Ohio and Wabash Rivers to the east of the aquifer and red 
represents the highest elevation 
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Figure 1-4 Gallatin County, Illinois. Eagle No. 2 mine outlined in red. 
 
they determined that the SVCD could withdraw enough water to supply current and future needs 
of approximately 6.44x10
3
 and 1.23x10
4
m
3
/d (1.7 and 3Mgpd), respectively (Poole & Sanderson, 
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1981).  Current pumping volumes of 1.23x10
4
m
3
/d (3.25Mgpd) for SVCD supply alone make 
this a conservative estimate. 
 Peabody originally hired Geosyntech Consultants to conduct environmental studies 
required by the IEPA and Illinois Office of Mines and Minerals.  The study developed a 
numerical groundwater flow model of the area surrounding the mine (Geosyntech, 1995).  This 
model has been adapted as the basis for almost all subsequent work.  Limited computer resources 
at the time restricted the model domain to ~64.75km
2
 (25mi
2
) around the mine.  The model used 
variable grid spacing with cell dimensions ranging from 60.96m (200ft) away from the mine to 
30.38m (100ft) near the mine.  Since the aquifer extends much farther than that, fixed discharge 
boundaries along the northern, eastern, and southern borders of the model simulate flow to and 
from the modeled system.   
 Originally, Geosyntech (1995) used a potentiometric map of water levels collected over 
the better part of a century to calibrate a very coarse grid model.  This calibration supplied the 
rate of flow along the final model boundaries that served as the fixed discharge boundaries.  
Geosyntech (1995) performed a series of pumping tests, slug tests, and specific capacity tests 
around the mine to determine hydraulic conductivity in the aquifer near the mine.  Their flow 
model included seven distinct zones with hydraulic conductivity ranging from 1.68x10
-1
m/d 
(0.55ft/d) to 73.2m/d (240ft/d) (Geosyntech, 1995).  Geosyntech (1995) also determined a 
recharge value between 1.702x10
-1
m/yr (6.7in/yr) and 2.227x10
-1
m/yr (9in/yr) through model 
calibration. 
When the SVCD wells began showing increased levels of sulfate, the SVCD hired 
Thomas Prickett & Associates to determine the source of contamination.  Prickett’s (1997) work 
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supplied the basis for the lawsuit concerning mine impacts on SVCD water resources.  Prickett 
(1997) used the Geosyntech (1995) flow model boundary for his contaminant transport model of 
the area, but used a uniform grid cell of 121.9m (400ft) (Prickett, 1997).  His transport model 
determined that the major source of contamination to the SVCD well field originated from the 
make-up lake receiving remediation pumping and discharging into the unnamed tributary to 
Cypress Ditch (Prickett, 1997).  While most of the sulfate contamination eventually makes its 
way to the Ohio River as overland flow, enough infiltration occurs back into the aquifer to 
contaminate the SVCD wells located near the drainage ditch.  By observing simulated 
contaminant plumes, Prickett (1997) also determined a suitable area for new well field 
development. 
In response to the lawsuit, Peabody hired ESI (2003) to create a new mass transport 
model showing the effects of remediation.  This model provided some foundation for the current 
study.  ESI (2003) also used the Geosyntech (1995) flow model with a few modifications.  The 
ESI (2003) model uses the same grid dimensions as the Geosyntech model (1995), but could 
calibrate the model using only three hydraulic conductivity zones, reducing the complexity of the 
model. After calibration, ESI (2003) replaced the Geosyntech (1995) discharge boundaries with 
specified head boundaries along the edge of the model.  Optimization of the ESI (2003) model 
provided the 6.54x10
3
m
3
/d (1200gpm) volume for remediation pumping.  ESI (2003) also 
concluded that after completion of reclamation, the contamination from the mine would no 
longer lead to excessive levels of sulfate in any SVCD production well.  Following a post-audit 
in 2011, the model and observed data suggested to ESI (2011) that remediation pumping no 
longer remains necessary. 
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The ESI (2003) model does have some problems.  For example, the model predicts 
hydraulic heads around 268.2m (880ft) above sea level (asl) around Shawneetown Hills in an 
area that has a surface elevation of about 167.6m (550ft) asl.  These heads create unrealistic 
hydraulic gradients.  ESI (2003) also used a series of 11 transient stress periods starting in 1968.  
New stress periods begin for several reasons; wells turning on or off, pumping rates change, the 
addition of new contaminant sources, changes to source concentration to match observed levels 
in monitoring wells, or for the addition or removal of any other stress.  A simpler series of steady 
state models will likely provide as much insight without overly complicating the model.  Steady 
state modeling assumes heads reach constant levels relatively quickly and remain constant until a 
change in stress (new stress period).  Heads can have seasonal variation and with a modeling 
time frame of 40+ years, using average heads from steady state stress periods results in a far less 
cumbersome model.    
Sara Hoyal, a graduate student at Southern Illinois University Carbondale, created a new 
flow model in 2008.  Her work also provides some basis for the current model.  Hoyal (personal 
communication, 2008) extended the model boundaries to actual hydrologic boundaries in the 
region.  The west and northwest boundaries correlate to areas where the bedrock rises and 
pinches out the aquifer or interfingers with much less permeable strata (Poole & Sanderson, 
1981).  The Wabash and Ohio Rivers define the eastern boundary and the Saline River defines 
the southern boundary.   
 The complexity of Hoyal’s (personal communication, 2008) model caused the flow 
modeling software to have difficulty reaching a solution.  Hoyal never completed the calibration 
and sensitivity analysis of her model. 
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PURPOSE  
The current work will build off previous studies to address problems with prior models 
and suggest a more complete picture of regional flow.  First, a new flow model will be developed 
using data collected from ESI (2003) and Hoyal (personal communication, 2008).  The model 
will utilize MODFLOW (Modular 3-D finite difference ground-water flow model) and 
MT3DMS (Modular 3-D Multi-Species Transport Model) for the flow and transport model 
solutions. 
 Initially, a steady-state flow model will be calibrated to well heads near the mine and 
pumping rates collected in April 1999.  Once calibrated, a series of steady state simulations will 
be run, starting in 1968 and ending in 2010 to accommodate a non-steady state mass-transport 
model.  The transport model will use source loading data from ESI (2003) but will be calibrated 
to sulfate data collected from wells around the mine.   
 Upon completion of a calibrated flow and mass-transport model, scenarios altering 
various parameters will determine if the contaminant plume has a chance of becoming a larger 
problem than anticipated.  The scenarios will run for 30 years into the future to determine the 
extent of the plume in 2043. 
11 
 
CHAPTER 2 
GEOLOGICAL SETTING 
GEOGRAPHY 
 The Saline Valley is located near the southern boundary of the Illinois Basin, a large 
structural basin covering much of Illinois and including portions of Indiana, Kentucky, and 
Tennessee.  The Ohio River currently flows south along the eastern edge of Gallatin County. The 
most notable surface features in the area, Shawneetown Hills and Gold Hill (Fig. 2-1), are 
bedrock highs within the Saline Valley.  
GEOLOGY 
QUATERNARY GEOLOGY 
 The four major Quaternary geological units of the study area include the Henry 
Formation, Cahokia Formation, Equality Formation, and Peoria/Roxanna Silt.  These formations 
directly overlie Pennsylvanian bedrock. The Henry and Cahokia Formations share similar 
lithology but differ in depositional histories.  The Henry Formation developed from Wisconsinan 
glacial outwash and the Cahokia Formation consists of Holocene (<10,000years) alluvial and 
overbank deposits.  Both formations consist of mostly unconsolidated sand and gravel forming a 
single hydrostratigraphic unit that when thick enough, makes a highly productive aquifer. 
The lithology of the Henry Formation includes mostly unconsolidated sand and well 
sorted, well bedded gravel sediments with localized silt lenses (Lineback, 1979).  A thin layer of 
silt, either loess or glacial lake sediments, covers most of the Henry Formation (Lineback, 1979).  
The Henry Formation deposited from outwash in plains, valley train deposits, and ice controlled  
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Figure 2-1 Topographic bedrock highs of Gold Hill and Shawneetown Hills.  Eagle No. 2 Mine 
outlined in red. 
deposits.  In the Saline Valley it is a valley train.  This formation makes up the majority of the 
Saline Valley Aquifer. 
Modern rivers deposited the Cahokia Formation which includes overbank and lateral 
accretion deposits.  The Cahokia consists of poorly-sorted sand, silt, and clay with localized 
sandy gravel lenses (Lineback, 1979).  In many places, the Cahokia Formation overlies the 
Henry Formation (Lineback, 1979).    
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Figure 2-2 Surficial distribution of Quaternary sediments.  1=Equality, 2=Henry, 3=Cahokia, 
4=Loess.  Areas covered in loess represent Shawneetown and Gold Hills (ISGS, 1996).   ©2013 
University of Illinois Board of Trustees.  All rights reserved.  Used by permission of the Illinois 
State Geological Survey. 
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The Equality Formation formed in proglacial and slack-water lakes across much of 
Illinois (Lineback, 1979).  The lake sediments consist of well-bedded silts and some clay mixed 
with sand found near the shore (Lineback, 1979).  This formation can be found covering much of 
the western half of the Saline Valley Aquifer. 
The Peoria and Roxanna Silts are Quaternary Age sediments (wind-blown) and cover the 
uplands around the Saline Valley.  Fig. 2-2 shows surficial distribution of Quaternary sediments. 
BEDROCK GEOLOGY 
 The Pennsylvanian bedrock present under the aquifer includes the Bond Formation, the 
Carbondale Formation, and the Modesto Formation (Fig. 2-3).  These formations share many of 
the same characteristics but vary in the abundances of different rock types.  They consist of 
shale, limestone, and highly cemented sandstones.  The argillaceous limestones found in these 
units have significant amounts of clay minerals (10-40%) (Nelson and Lumm, 1986).   
HYDROLOGY 
 The Saline Valley Aquifer underlies most of Gallatin County.  It fills a buried bedrock 
valley that follows the path of the ancient Ohio River (Poole and Sanderson, 1981).  The aquifer 
consists of mostly sands and some gravel.  Loess, slack-water deposits, or overbank flood 
deposits cover the aquifer in differing thicknesses.  Interpolation of the bedrock surface from 
bore logs that reach bedrock suggest that the aquifer has an average thickness of ~25m (82ft) 
with a maximum of ~40m(132ft).  A cross-section of the study area shows a valley filled with 
sands with some gravel overlain by silts and clays (Fig. 2-4). 
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Figure 2-3 Upper 2000ft of the bedrock stratigraphic column in Gallatin County, Illinois.  
Quaternary deposits overlie the bedrock.  Source: Adapted from H.M. Bristol and J.D. Treorgy 
(1979).  ©2013 University of Illinois Board of Trustees.  All rights reserved.  Used by 
permission of the Illinois State Geological Survey. 
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The Ohio River drains the area.  Significant overland flow empties into the Saline River, 
a tributary to the Ohio River.  All drainage near the mine and the SVCD well field eventually 
reaches the Saline River.  Crawford Creek to the north of Ridgway (Fig. 2-5), flows to the west 
and drains to North Fork Creek which drains into the Saline River.  Cypress Ditch empties 
contaminated water from the mine into the Saline River.   
WATER SUPPLY 
When the SVCD first began developing water resources in southern Illinois, water needs 
were approximately 6.44x10
3
m
3
/d (1.7Mgpd).  As of late 2012, most municipalities in Gallatin 
Country and many in Saline County receive water supplies from the SVCD.  The township of 
Ridgway was the most recent addition to the supply.  The SVCD currently pumps 1.23x10
4
m
3
/d 
(3.25Mgpd) from their production wells.  Four wells pump simultaneously with a rate of 
approximately 3.82x10
3
m
3
/d (700gpm) each. 
Other water withdrawals include minor pumping from rural households, agricultural 
pumping during drier summer months, and remediation pumping associated with the old 
Peabody Eagle No. 2 mine.  The water demands for individual households are negligible on the 
overall supply but remediation and irrigation wells withdraw significant volumes of water.  
Peabody currently pumps approximately 6.81x10
3
m
3
/d (1.8Mgpd) to contain the contaminant 
plume.  Agricultural pumping withdrawals account for approximately 5.68x10
3
m3/d (1.5Mgpd) 
during the dry season.  Most of the year has no agricultural withdrawal. 
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Figure 2-5 Major surficial drainage in eastern Gallatin County. 
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CHAPTER 3 
METHODS 
MODEL PROTOCOL 
 Optimally, numerical models should follow 12 steps (Anderson and Woessner, 2002).   
1) - The modeler needs to determine the purpose for the model and whether it will be generic, 
predictive, or interpretive.  The purpose of this model is to interpret the hydrologic conditions 
and predict the extent of contamination to the aquifer. 
2) - The modeler develops a conceptual model for the flow system.  During this step, the modeler 
analyzes geologic logs and previous studies and formulates a working hypothesis of the 
hydrologic conditions of the study area.  During this stage, model boundaries and regional 
hydrostratigraphy are defined. 
3) - The modeler selects the numerical code for the model and verifies that it can closely 
approximate an analytical solution.  This model uses MODFLOW to generate cell by cell flow 
values and MT3DMS to model contaminant transport.  These programs have been extensively 
tested and used in the modeling community and stand up to scrutiny (Anderson and Woessner, 
2002). 
4) - The modeler designs the numeric model by generating a grid and entering preliminary 
hydrologic parameters necessary for the input files.   
5) - The modeler calibrates the model by adjusting input so that the model can adequately 
simulate field measurements such as head and contaminant concentrations in the study area.  
Comparison of the predicted values to the field measurements, or targets, yields a residual.  A 
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residual is the difference between an observed value and a modeled value.  Hydrologic 
parameters are altered systematically either by trial and error or with an automated process until 
the model yields an acceptable value of residuals.  The acceptable change is arbitrary and the 
modeler must decide if the change was significant.  The residual is computed by: 
𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 − 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 
From this equation, negative residuals indicate that the simulated values are higher than field 
values and positive residuals have lower simulated values. 
6) - The modeler evaluates the sensitivity of the model to determine uncertainty by 
systematically altering parameters, recording the residuals, then generating a plot of the sum of 
squared residuals (SSR) vs. parameter value.  A large change in the SSR for a small change in 
parameter value suggests a unique model.  SSR is computed by: 
 𝑥1
2 + 𝑥2
2+. . . 𝑥𝑛
2
𝑛
𝑥=1
 
where x= the residual. 
7) – The modeler should verify that the model can simulate different hydrological conditions 
than those used in calibration. A model that can accurately predict field measurements for new 
conditions supports uniqueness of the model (Anderson and Woessner, 2002).  Model 
verification requires the installation of pumping wells or long term data on hydrologic 
conditions.  This study did not have the budget or the data to complete flow model verification.  
Head measurements in the target wells were not taken each time a new stress was added or 
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removed.  If head measurements in the target wells had been recorded each time a new stress was 
added then model verification could have been conducted.   
8) – The modeler attempts to predict future hydrologic conditions such as the impact that 
droughts, new wells, changes in river stage, and other hydrologic stresses will have on the 
system. 
9) – The modeler completes a sensitivity analysis on the prediction to quantify the uncertainty of 
parameter values (Anderson and Woessner, 2002).  This step is sometimes also known among 
groundwater modelers as a scenario analysis, which is an important part of this study. 
10) – The modeler presents the results of the modeling.  The American Society for Testing and 
Materials manual (ASTM 2010; 2012) and Anderson and Woessner (2002) have clear definitions 
of how to present model data to audiences.  The model results presented for this work will follow 
instructions found in the latter. 
11) – The post audit involves taking measurements at some time many years in the future and 
comparing the field data to the modeled results.  This step is not practical in a thesis. 
12) – Model redesign occurs if the post audit did not predict future conditions and actual field 
conditions vary significantly.  This step is also not practical in a thesis.   
MATHEMATICAL FOUNDATIONS AND CODE SELECTION 
DARCY’S LAW 
Numerical models of groundwater flow are based on Darcy’s Law and conservation of 
mass.  Conservation of mass in this case requires that all water entering the system should equal 
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the water leaving the system.  Darcy’s Law states that in saturated porous media, discharge is 
proportional to the hydraulic gradient.  Darcy’s Law is expressed by: 
    𝑞 =
𝑄
𝐴
   𝑎𝑛𝑑     𝑞 = −𝐾
𝑑ℎ
𝑑𝑙
            
where q (length/time) = specific discharge (discharge per unit cross-sectional area), Q 
(length
3
/time) = discharge, A (length
2
) = the cross-sectional area, K (length/time) = the hydraulic 
conductivity which contains properties of the porous media and the fluid, h (length) is the 
hydraulic head, and l (length) is the flow length.  The model domain is divided into a series of 
grid cells, each with unique hydrologic properties.  Combining Darcy’s Law and conservation of 
mass to groundwater flow in each grid cell yields a system of linear equations that when solved 
yield the distribution of head in the model domain.  Knowing the heads of each cell allows a 
calculation of volumetric flow to or from each edge of the grid cell.  These flow values are used 
in the contaminant transport model to simulate the contaminant plume.  Flow to or from a stress 
is also calculated based on input parameters of the stress. 
AVERAGE LINEAR VELOCITY AND THE FICKIAN MODEL OF 
HYDRODYNAMIC DISPERSION  
 Contaminant transport occurs through advective transport and hydrodynamic dispersion.  
Advective transport occurs at the average linear velocity of groundwater flow.  The average 
linear velocity is defined by: 
𝑎 =
𝑞
𝑛
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where a (length/time) = average linear velocity, q (length/time) = specific discharge (discharge 
per cross-sectional area), and n (unitless) = porosity. 
 The Fickian Model of Hydrodynamic Dispersion can be defined by: 
𝑓𝐿 = −𝐷𝑑𝑛
𝜕𝐶
𝜕𝐿
 
where fL (mass/length
2
*time) = specific mass flux (amount of solute per cross-sectional unit area 
per time), Dd (length
2
/time) = diffusion coefficient, n (unitless) = porosity, C (mass/length
3
) = 
solute concentration, and L (length) = flow length. 
MODFLOW 
MODFLOW is a modular finite-difference groundwater modeling program (McDonald & 
Harbaugh, 1988) that is widely used in the United States for groundwater modeling and stands 
up well to scrutiny.  Extensive testing of the program against an analytical solution to the same 
set of variables has demonstrated the ability of the program to produce accurate results.  
MODFLOW has undergone many upgrades since its inception and the current release is 
MODFLOW-2005 (Harbaugh, 2005).   
A finite-difference model requires model area division into a grid with rectangular shaped 
boxes.  Each box is called a cell and at the center of the cell is the node.  MODFLOW calculates 
the head at each node.  This introduces minor errors since not all field measurements are taken at 
the node.  The error minimizes with sufficiently small grid spacing.  Sufficient grid spacing 
depends on a number of variables and the user must balance modeling needs with computational 
capacity.  
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The program requires hydrologic boundaries.  Neumann boundaries have a specified flux 
into or out of the cell.  The edge of the grid is a no–flow boundary, or type of Neumann 
boundary.  Dirichlet boundaries represent specified head boundaries.  Cauchy boundaries are 
known as mixed boundaries.  The flux in these cells is dependent on the head in the cell.  Grid 
cells may also have external sources and sinks which function very much like the boundary 
conditions.     
MODFLOW uses modules, or individual packages that can be added or removed as 
needed, to add internal stresses to different grid cells.  These modules can simulate things such as 
rivers, wells, lakes, and flow through conduits.  Most modules are not required for every model. 
The modules used in this model include the recharge, well, constant head boundary, river, 
drain, and general head boundary packages.  The recharge and well packages are Neumann 
boundaries, the general head boundary, river, and drain packages function as Cauchy boundaries 
and the constant head boundary package defines Dirichlet boundaries.  Packages can have either 
a cell by cell or areal input structure.  With an areal input, every cell in the model requires a 
parameter value.  Cell by cell input requires parameter values to specific cells defined by the 
modeler. 
The recharge package uses an areal input structure.  This packages lumps a volumetric 
flow term (length
3
/time) into the equation by multiplying the recharge value (length/time) by the 
cell area (length
2
).  Recharge occurs in three ways; into the top cell only, into the top active cell, 
or into the specified layer.  This model used the top cell only option. 
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The well package is similar to the recharge package except it uses a cell by cell input 
structure.  The well package also requires a volumetric flow rate (length
3
/time) that can be either 
into (injection) or out of (pumping) a cell. 
The constant head package also uses a cell by cell input.  Each cell with the constant head 
stress is set with a head that remains constant and will allow an unlimited amount of water into 
or out of the cell in order to maintain the specified head. 
The general head boundary, river, and drain packages are very similar to one another.  
They all use a cell by cell input and require conductance values.  Conductance is defined by: 
𝐶𝑥 = 𝐾
𝐴
𝑑
 
where C (length
2
/time)= conductance, A (length
2
)=cross-sectional area, and d (length)=distance 
between the head in the cell and the head in the external stress. 
The general head boundary requires a head elevation.  This package assumes linear flow 
into or out of the system based on the calculated head.  When the calculated head is higher than 
the boundary, water flows into the cell.  When the calculated head is lower than the boundary, 
water flows out of the cell.  The river package requires a value for the river stage and the bed 
elevation.  This package allows for water to enter or leave the system based on the calculated 
head.  The only difference between the river and general head boundary package occurs when 
the calculated head becomes lower than the river bed elevation.  At that time, the discharge to the 
aquifer begins to decrease instead of continuing a linear trend.  The drain package requires the 
elevation of the drain.  It operates exactly like a river and general head boundary until the 
calculated head is equal or less than the drain elevation.  At that time discharge becomes 0.  The 
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drain package only allows water to flow out of the cell.  MODFLOW options used in this project 
are summarized in Table 3-1. 
Table 3-1 MODFLOW options 
MODFLOW program options 
DIS options Layers 2 
 
Rows 652 
 
Columns 405 
 
Stress period 1 (flow), 14 (transport) 
 
Time Days 
 
Length Meters 
 
Top Elevation 107.89 
 
Steady State 
 
No Quasi-3D layer 
BAS6 options Starting Head 107.89 
BCF6 options Wetting Inactive 
 
Layer Type (both) Harmonic mean, Fully Convertible 
 
Anisotropy 1 
RCH package Recharge to top grid layer only 
PCG options Max outer iterations 100 
 
number of inner 
iterations 30 
 
Matrix conditioning Modified Incomplete Cholesky 
 
Head closure criteria 0.001 
 
Residual closure criteria 0.001 
 
Relaxation parameter 1 
 
Damping 1 
Input 
requirements 
for stress 
packages   
                           
RIV- Conductance, Stage, Bed elevation 
GHB- Conductance, Elevation 
WEL- Discharge 
CHD- Starting Head, Ending Head 
DRN- Conductance, Elevation 
RCH- Rate 
 
MT3DMS 
MT3DMS is mass transport modeling software developed for the US Army Corps of 
Engineers by Chunmiao Zheng and P. Patrick Wang (1999).  MT3DMS requires a block-
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centered finite-difference flow solution as input.  MT3DMS interfaces with MODFLOW to 
acquire the cell by cell flows in each cell within the model.  MT3DMS can simulate advection, 
dispersion/diffusion, source/sink mixing, and chemical reactions in a modular form similar to 
MODFLOW (Zheng & Wang, 1999) and determine the concentration of single or multiple 
solutes within a system.  
MT3DMS also requires initial and boundary conditions similar to MODFLOW.  The 
initial concentration of each cell must be known at time=0 in order to obtain a transport solution 
of the governing equation. 
MT3DMS also requires Neumann, Dirichlet, and Cauchy boundaries.  In mass transport, 
a Neumann boundary represents a known concentration gradient across a boundary, Dirichlet 
boundaries represents a known concentration along a boundary, and Cauchy boundaries 
represent a combination of the first two (Zheng & Wang, 1999). 
The advection package of transport modeling can be solved with several different 
methods; the third order TVD (ultimate), the standard finite difference method, the method of 
characteristics (MOC), the modified method of characteristics (MMOC), and the hybrid 
MOC/MMOC.  The standard finite difference method was chosen to solve the advection portion 
using upstream weighting, the same as the model developed by ESI (2003).  Particles can only 
move one cell per time step. 
The dispersion package of the equation is solved using the Fickian Model of 
Hydrodynamic Dispersion.  An equation is developed for hydrodynamic dispersion for each cell 
in the grid, yielding a system of equations for the problem that can be solved simultaneously.  
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Each mobile component of transport is calculated.  This model tracks a single mobile 
component. 
The generalized conjugate gradient solver has several options available to solve the 
overall mass transport equations.  The matrix preconditioner has three options; Jacobi, Slice-
Successive Over Relaxation, and the Modified Incomplete Cholesky (MIC).  MT3DMS options 
used in this project are summarized in Table 3-2.   
Table 3-2 MT3DMS options 
MT3DMS Options 
BTN options Mass unit milligrams 
 
Porosity 25% 
 
Time multiplier 1.2 
ADV options Standard finite-difference method  
 
Courant number 1 
 
Max particles 75000 
 
Number of cells particle can move 1 
 
Upstream weighting 
DSP options Longitudinal dispersivity 100 
 
TRPT 0.1 
 
TRPV 0.1 
 
Molecular diffusion 1.73E-04 
SSM options Concentration of recharge flux reused from last period 
GCG options Max outer iterations 1 
 
Inner iterations 50 
 
Modified incomplete Cholesky 
 
Lump dispersion cross terms to right hand side 
 
Convergence closure 1.00E-06 
 
MODELMUSE 
 ModelMuse (Winston, 2009) is a fast, user-friendly, very powerful, and free graphical 
user interface for both MODFLOW-2005 and MT3DMS.  The program allows the modeler to 
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create and modify a grid and read and export input files for MODFLOW and MT3DMS.  
ModelMuse also allows the modeler to execute the flow model and observe the results of the 
model.   
Parameters store as point, polyline, polygon, straight-line, or rectangular objects within 
ModelMuse.  ModelMuse can also import objects from ESRI shapefiles (ESRI, 1998).  
Shapefiles used by many GIS programs store data such as geographic coordinates. Each object 
represents one or more parameters that differ from the surrounding cells in the model.  Changing 
an object alters values in all cells intersecting the object instead of requiring cell by cell edits. 
CALIBRATION/SENSITIVITY ANALYSIS 
 Calibration of a model shows that the model can adequately represent head levels found 
in the field.  To calibrate, several calibration targets are necessary.  Calibration targets are 
discrete head or concentration measurements from points within the model boundaries.  Once a 
model determines head levels in each cell, the targets (observed values) are compared to the 
simulated values from the model and the residual is calculated.   
 The head observation package of MODFLOW then squares the residuals, adds them 
together, and reports the SSR which are used to find the root mean squared error (RMS) 
𝑅𝑀𝑆 =
1
𝑛
  𝑥1
2 + 𝑥2
2 + ⋯ + 𝑥𝑛2  
where n = number of targets and xn = residual.  Other helpful statistics include the mean, 
absolute mean, standard deviation, and a Pearson’s correlation coefficient (r2 value) between the 
modeled and observed values. 
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 During calibration, parameters such as hydraulic conductivity, recharge, and conductance 
get systematically altered until any further reduction in the SSR is minimal. 
 The sensitivity analysis tests the model for uniqueness.  Each parameter gets 
systematically adjusted and the residual is observed.  This model uses parameter multipliers of 
0.5 to 1.5 in 0.1 increments to test sensitivity.  The resulting SSR gets plotted against the 
multiplier.  A parameter value is known with a higher degree of certainty, or the model is 
sensitive to a change in the altered parameter, when large changes in the SSR are caused by 
small changes in the parameter value.  Small changes to the SSR indicate a lower degree of 
certainty, or the model is insensitive to a change in the altered parameter.  In general, recharge is 
the most sensitive parameter in numerical flow models. 
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CHAPTER 4 
CONCEPTUAL MODEL 
 A conceptual model represents a modeler’s idea of a natural system.  The conceptual 
model serves to simplify the field problem and organize the associated data so that the system 
can be analyzed more readily (Anderson and Woessner, 2002).  In this case, the conceptual 
model consists of the hydrostratigraphy of the system, model boundaries, and a hydrologic 
budget of the sources and sinks of groundwater  
HYDROSTRATIGRAPHY 
 A hydrostratigraphic unit has unique hydrologic properties and may include a single or 
several lithostratigraphic units.  The Saline Valley Aquifer has a relatively simple 
hydrostratigraphy.  The valley is filled with the Cahokia and Henry Formations which share 
similar sand and gravel lithology and together form a single hydrostratigraphic unit.  The 
numerical model contains two layers, not to simulate changes in lithology, but to allow three-
dimensional distribution of hydraulic head for transport modeling. 
MODEL BOUNDARIES 
 The GeoSyntech (1995) and ESI (2003) models did not extend to natural hydrologic 
boundaries.  Instead, they modeled only a portion of the aquifer, with flow or specified head 
boundaries determined through calibration.  The model developed here extends the grid to the 
actual hydrologic boundaries including specified head boundaries for the Ohio and Wabash 
Rivers to the east, a river boundary for the Saline River to the south, and a no-flow boundary 
where the aquifer pinches out to the west.  The Ohio, Wabash, and Saline Rivers have hydraulic  
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Figure 4-1 Minor surficial drainage near the mine including internal sources and sinks.   
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connection to the underlying aquifer.  The stage elevations along each river were interpolated 
from a topographic map developed by Hoyal (personal communication, 2008).  Although the 
Saline River was simulated with the river package, a Cauchy condition, the conductance of the 
riverbed sediments were set to values that effectively forced the boundary to behave as a 
specified head boundary.  Shawneetown Hills and Gold Hill represent bedrock highs and the 
boundary of each hill also acts as a no-flow boundary.  Work completed by Poole and Sanderson 
(1981) and maps published by the ISGS (Berg and Kempton, 1995; ISGS, 1996) helped in 
determination of these boundaries.   
INTERNAL SOURCES AND SINKS 
 The aquifer has numerous sources and sinks within its boundaries, including Crawford 
Creek north of Ridgway, Settlement Ditch north of the mine, Cypress Ditch near the mine, Little 
Cypress, the unnamed tributary to Cypress Ditch, and the make-up and freshwater lakes (Fig. 4-
1).  Elevations of these sources and sinks are from ISGS and USGS topographic maps that were 
interpolated by Hoyal (personal communication, 2008).  Additional sinks include the 
remediation wells and SVCD production wells.  Table 4-1 shows average pumping rates of wells 
since 1982.   A comparison of parameters used by ESI (2003) and the current study can be seen 
in Table 4-2. 
HYDROLOGIC BUDGET 
 Many inputs and outputs exist in the flow system.  The main input to the aquifer comes 
from recharge in the form of precipitation.  Contamination in the aquifer suggests that the make-
up lake and the southern region of Settlement Ditch and the unnamed tributary to Cypress Ditch 
also recharge the aquifer.    
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Table 4-1 Well pumping rates.  Values in m
3
/d. 
Years SVCD 1 SVCD 2 SVCD 3 SVCD 4 SVCD 5 SVCD 6 SVCD 7 SVCD 8 
1982-1984 2387 2199 2365 0 0 0 0 0 
1985-1986 2387 2199 2365 0 0 0 0 0 
1987-1990 2605 2422 2531 0 0 0 0 0 
1991 2633 2551 2718 3112 0 0 0 0 
1992-1994 1990 1640 2019 3067 0 0 0 0 
1995-1997 2344 2285 2493 3022 1535 0 0 0 
1998-2000 1886 1638 2062 4046 1876 0 0 0 
2001 2071 2289 2180 2889 0 3816 0 0 
2002-2003 2071 2289 2180 2889 0 3816 0 0 
2004-2008 1761 1761 1761 1761 0 1761 1761 0 
2009-2010 1761 1761 1761 1761 0 1761 1761 0 
         
 WA9 WA19 WA19R WA21 WA21R WA26 WA27 WA28 
1982-1984 2180 0 0 0 0 0 0 0 
1985-1986 2180 0 0 0 0 0 0 0 
1987-1990 2180 5450 0 0 0 0 0 0 
1991 2180 5450 0 0 0 0 0 0 
1992-1994 2180 1090 0 2180 0 0 0 0 
1995-1997 2180 540 0 2180 0 0 0 0 
1998-2000 2944 0 0 2425 0 654 845 2017 
2001 2944 0 2180 0 2180 654 845 2017 
2002-2003 2944 0 2452 0 2180 654 845 2017 
2004-2008 3014 0 2180 0 1090 0 0 1245 
2009-2010 3014 0 0 0 2453 0 0 1245 
 
The aquifer discharges to the Ohio, Wabash, and Saline Rivers.  All stretches of the 
Cypress Ditch, the northern portion of Settlement Ditch, and Crawford Creek also drain a 
significant volume of water from the aquifer.  Irrigation, production, and remediation wells 
withdraw the most water from the aquifer in the region around the mine. 
MODEL PARAMETERS 
 The model contains 14 stress periods over the course of 40+ years thus making transient 
modeling cumbersome.  This study assumes that after a change in hydrologic conditions, the  
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Table 4-2 Current model and ESI model variable comparison. Imperial length units=ft, metric 
length units=m, all temporal units=day 
Parameter Type ESI 
(imperial) 
ESI 
(metric) 
Current  
(metric) 
Top Elevation Elevation 354 107.89 107.89 
Kx1 Conductivity (L/t) 70 21.33 50 
Kx2 Conductivity (L/t) 150 45.72 65 
Kx3 Conductivity (L/t) 0.65 NA NA 
Cypress Ditch 
  
DRN Conductance 
(L^2/t) 
44.1 4.10 25 
Elevation  350 106.67 106.67 
Little Cypress  
  
DRN Conductance 
(L^2/t) 
44.1 4.10 4.096 
Elevation  350 106.67 106.67 
Ditch from mine 
  
RIV Conductance 
(L^2/t) 
489.4 45.46 45.46 
Southern Elevation  350 106.67 106.67 
Settlement ditch 
  
GHB Conductance 
(L^2/t) 
80 7.43 50 
Elevation  351 106.98 107.89 
Cypress ditch 
higher  
  
DRN Conductance 
(L^2/t) 
955.5 88.76 88.76 
Elevation  350 106.67 106.67 
Crawford Creek RIV Conductance 
(L^2/t) 
NA NA 115 
Saline River 
  
RIV Conductance 
(L^2/t) 
NA NA 1000 
Elevation NA NA 105 to 97.72 
Cypress Drainage DRN Conductance 
(L^2/t) 
NA NA 50 
Recharge1 RCH (L/t) 9 0.0006263 0.0006063 
Recharge2 RCH (L/t) 4 0.0002743 0.0002643 
Make-up Lake 
  
GHB Conductance 
(L^2/t) 
57.75 5.36 10 
Elevation  375.3 114.39 109.7 
Ohio River Elevation NA NA 100.79 to 
97.54 
 
heads will adjust quickly, reaching steady state conditions early in the stress period.  Since the 
aquifer is a surficial sand and gravel aquifer, the modeling type used the fully convertible layer 
option for both layers meaning that the layer can be modeled as confined or unconfined.  This 
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option requires the most computer memory but correction calculations occur every time step 
making this the most versatile option for modeling.  Parameter values for well discharge, 
recharge, hydraulic conductivity, bedrock elevation, porosity, and contaminant concentrations 
follow. 
 WELLS 
 Many individual rural households use the aquifer as a source of water.  These represent a 
minimal impact on water resources within the aquifer.  Irrigation wells however, withdraw large 
amounts of water during dry summer months.  The ISWS (Ed Mehnert, personal communication, 
2008) suggested an irrigation rate of 2.73x10
3
m
3
/d (500gpm) for 60 days a year for irrigation.  
Irrigation pumping was simulated in one scenario to determine if it causes any major changes to 
the contaminant plume.  The location of the irrigation wells can be seen in Fig 4-2.  Coordinate 
locations for each well can be found in Appendix B.  When pumping, the actual rate assigned to 
the model of 150m
3
/d (27gpm) represents a rate that averages the pumping over one year instead 
of three months. 
 Large volumes of water also pump year round from several remediation wells and 
production wells in the region.  Remediation pumping has undergone many changes since the 
mine began production in 1968.  What began as a single well in 1980 expanded to a total of eight 
remediation wells running at one time or another.  At the time of calibration in April 1999, five 
remediation wells pumped significant volumes of water from the aquifer.  Table 4-3 shows 
changes in stress to the aquifer since 1968.  Currently WA9, WA28, and WA21R pump 
6.54x10
3
m
3
/d (1200gpm) from the mine site, a rate that Peabody and the SVCD agreed upon in  
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Fig. 4-2 Location of nearby irrigation wells. 
 
the 2001 settlement.  Wells WA19 and WA21 experienced problems and required replacement 
by WA19R and WA21R.    
 The SVCD has pumped from a total of eight wells since its inception in 1982.  Currently 
seven wells provide the needs of the communities served by the SVCD.     
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Table 4-3 Description of different stress periods.  Conditions up to and including stress period 10 
represent calibration parameters. 
Stress  Years Description 
1 1968-1977 Mine operations begin, Slurry 1, Slurry  5, and Make-up Lake 
constructed and added as contaminant sources 
2 1978-1979 Slurry 2 and South 40 refuse areas constructed and added as 
contaminant sources 
3 1980-1981 WA-9 remediation well begins pumping 
4 1982-1984 SVCD-1, SVCD-2, and SVCD-3 production wells begins 
pumping 
5 1985-1986 Slurry 3 constructed and added as contaminant source 
6 1987-1990 WA-19 remediation well begins pumping 
7 1991 SVCD-4 production well begins pumping 
8 1992-1994 WA-21 remediation well begins pumping 
9 1995-1997 SVCD-5 production well begins pumping 
10 1998-2000 WA-26, WA-27, WA-28 remediation wells begin pumping; WA-
19 remediation well ceases pumping 
11      2001 SVCD-5 production well and WA-21 remediation well ceases 
pumping.  SVCD-6 production well begins pumping.  WA-19R 
and WA-21R remediation wells replace WA-19 and WA-21 
remediation wells. Source concentration reduced in Make-up lake, 
Slurry 1, Slurry 5, and Slurry 3 as a result of reclamation activities 
12 2002-2003 WA-26 and WA 27 remediation wells cease pumping 
13 2004-2008 SVCD-7 production well begins pumping 
14 2009-2010 WA-19R remediation well ceases pumping 
15 2011-2043 SVCD-8 production well begins pumping, Future scenarios 
 
 RECHARGE 
 Recharge is generally the most difficult parameter to determine for a flow system.  
Recharge is the amount of precipitation that reaches the saturated media through infiltration and 
becomes groundwater.   In the area of the mine, GeoSyntech Consultants (1995) determined a 
recharge parameter of 1.70x10
-1
m/yr to 2.29x10
-1
m/yr (6.7in/yr to 9in/yr) through calibration of 
the model.   ESI (2003) determined the higher recharge of 2.29x10
-1
m/yr (9in/yr) to be adequate 
with their calibration of the model.  A lower recharge rate of 1.02x10
-1
m/yr (4in/yr) was used in 
Slurry 1a, 5, and the South 40 refuse area.  Rainfall in the area usually falls around 1.02m/yr 
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(40in/yr) and would present an absolute maximum available recharge.  Recharge represents a 
fraction of rainfall because some rainfall is lost to evapotranspiration and runoff and a value of 
10 to 20% for recharge is often assumed reasonable by modelers.  ESI (2003) values for recharge 
were used in the current model because the ESI model calibrated to these values.  
 HYDRAULIC CONDUCTIVITY 
 Hydraulic conductivity measures how easily a fluid moves through saturated porous 
media.  GeoSyntech (1995) also performed pump tests around the mine site and determined 
hydraulic conductivity ranged from 1.68x10
-1
m/d to 73.2m/d (0.55ft/d to 240ft/d) (Fig. 4-3).  
Values within this range, 50m/d (164ft/d), were chosen to represent the average conditions 
within the aquifer near the mine.  The value of 65m/d (213ft/d) represents a value determined by 
pumping tests throughout the region and was chosen to bring heads below the ground surface 
and represents a reasonable hydraulic conductivity for sand and gravel sediments. 
Initially, the model developed for this study had three zones of hydraulic conductivity, 
similar to the ESI (2003) model (Fig. 4-4; 4-5).  The first zone, adjacent to the mine, was 
assigned the lowest hydraulic conductivity of 32m/d (105ft/d).  In this area, silt eroded from the 
bluff mixed with the sand of the aquifer would reduce hydraulic conductivity. The second zone 
of hydraulic conductivity found further away from the mine has a value of 50m/d (164ft/d), 
which falls within an acceptable range for sorted sands.  The third zone located to the east is set 
to 65m/d (213.3ft/d) (Fig. 4-5).  Here, the higher energy closer to the ancient Ohio River would 
likely lead to deposition of coarser sediments with a higher hydraulic conductivity.  Calibration 
suggested that the number of hydraulic conductivity zones could be reduced by one (Fig. 4-6).   
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Figure 4-3 Geosyntech (1995) and Prickett (1997) hydraulic conductivity zones.  Hydraulic 
conductivity in ft/d. 
 
Data from aquifer tests completed by the ISWS suggest this to be a reasonable average value for 
the Henry Formation in the area (Personal communication, Hoyal 2008).   
DISPERSIVITY 
Dispersivity is a property of the aquifer that accounts for the dispersion of particles.    
GeoSyntech (1995) determined the dispersivity based on the size of the plume to be 91.44m  
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Figure 4-4 ESI (2003) model zones of hydraulic conductivity.  The inactive zones to the outside 
were set to 0.65ft/d but are not included as part of the active model.  Active zone is outlined in 
black.  Conductivity values in ft/d. 
 
 (300ft).  ESI (2003) later chose a dispersivity of 30.48m (100ft).  The GeoSyntech value 
was chosen since a larger, more conservative, plume would be created using the higher value. 
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Fig. 4-5 Model hydraulic conductivity zones based on previous work (ESI, 2003).  Conductivity 
values in m/d. 
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Fig. 4-6 Hydraulic conductivity zones after calibration.  The lowest conductivity zone near 
Junction was eliminated.  Conductivity values in m/d. 
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BEDROCK ELEVATION 
 Forty-nine geologic logs that reached bedrock (Fig. 4-7) were used to interpolate a 
bedrock elevation (Fig 4-8).  The bedrock surface was created by using the natural neighbor 
method of interpolation (Sibson, 1981).  With the available data, the interpolation shows a pit in 
the bedrock near the mine.  Scarce bedrock bore logs in the actual thalweg of the ancient Ohio 
River cause this anomaly.  More borings to the northeast of the mine and the area between 
Shawneetown Hills and Gold Hill would likely uncover a continuous bedrock thalweg.  The 
interpolated aquifer thickness contour map suggests that the mine is adjacent to the thickest 
region of the aquifer.  A list of bedrock borings from Gallatin County can be found in Appendix 
B. 
POROSITY 
 Porosity varies highly within the unconsolidated sediments of the Henry and Cahokia 
Formations.  Average values published for this sediment type range from 25 to 50% (Freeze and 
Cherry, 1979).  Contaminants travel with a greater average linear velocity though less porous 
media so the low value of 25% was chosen to represent a conservative estimate for tracking the 
contaminant plume.   
CONTAMINANT CONCENTRATION 
 Six areas in and around the mine boundaries contribute sulfate and other contaminants to 
the aquifer (Fig. 4-9).  Three old slurry ponds which have been overlain (capped) by low 
permeability materials contribute the highest levels.  The South 40 refuse area also contributes 
significant contamination and has not been capped.  The make-up and freshwater lakes also 
contribute sulfate to the aquifer.  Coordinate locations of each contaminant source can be found  
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Fig. 4-7 Locations of bore holes for bedrock interpolation.  Values represent elevation of bedrock 
in meters above sea level. 
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Fig. 4-8 Bedrock interpolation using available data points.  Values in meters above sea level 
from low (blue) to high (red).  A deep pit appears around the mine due to lack of data from 
northeast and south of the mine where the Ohio River flowed in the past.  The area around the 
mine shows bedrock contours similar to previous models. 
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in Appendix B.  Source concentrations from the ESI (2003) model are assumed to be adequate 
for starting concentrations.  Adjustment to source concentrations occurred during transport 
calibration.  
 
Fig. 4-9 Contaminant source zones.  Source zones include Slurry 1a, 5, 3 (Red Pond), the Make-
up Lake, South 40 refuse area, and the tributary to Cypress Ditch. 
 
Water quality sampling occurs quarterly from the SVCD production wells and the 
Peabody monitoring and remediation wells in accordance with the provision of the settlement 
agreement between Peabody and the SVCD.  It is from this data that source concentrations are 
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adjusted to match the plume.  These values get reported to the SVCD and passed along to 
Department of Geology at SIUC.  The location of the monitoring and remediation wells can be 
seen in Fig. 4-10.   ESI (2003) and Prickett (1997) use different designations for each well.  A 
comparison of the two systems can be seen in Table 4-4.  Sulfate values did not get reported to 
the Department from 2005 to 2007, but the general trend of the data remains clear.  Overall  
 
Fig. 4-10  Location of wells sampled as part of the settlement between Peabody and the SVCD.   
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sulfate concentrations in solute control wells (remediation) show a decreasing trend (Fig. 4-11).  
In 2001, the sulfate ranged from ~600 to 900mg/L and fall below ~400mg/L by 2010.  SCW4  
Table 4-4 Comparison of well names used by ESI and the SVCD.  N/A means that no name was 
found for a given well. 
SVCD ESI SVCD ESI SVCD ESI 
N/A GW1 SVCD-6 SVCD-6 N/A WA5 
N/A GW21 SVCD-7 SVCD-7 N/A WA7 
SW1D GW23 SVCD-8 SVCD-8 SCW1 WA-9 
SW1S GW23 N/A WA10 
N/A GW25 N/A WA104 
SMW5 GW27 N/A WA105 
N/A GW6 N/A WA106 
SMW3 N/A N/A WA11 
SMW4 N/A SMW2 WA14 
SW2D N/A N/A WA17 
SW2S N/A N/A WA18 
SW3S N/A SCW2 WA19R 
SVCD-1 SVCD-1 N/A WA2 
SVCD-2 SVCD-2 SCW4 WA21R 
SVCD-3 SVCD-3 SMW1 WA24 
SVCD-4 SVCD-4 SCW3 WA28 
SVCD-5 SVCD-5 N/A WA3 
 
(WA-21R) began pumping in late 2007 due to issues with SCW2 (WA-19R).  SCW2 
permanently shut down in 2008.  The mine continues to pump the required volume of water from 
the aquifer as provided in the settlement agreement to control the plume. 
 The monitoring wells within the mine itself also show steady or decreasing sulfate 
concentrations (Fig. 4-12a).  In 2001, the monitoring wells showed sulfate concentrations 
ranging from ~250 to 1000mg/L.  In 2010 SMW1 had sulfate concentrations around 80mg/L.  
This value was down from about 300-400mg/L in 2001.  SMW2 had sulfate concentrations of 
around 300-500mg/L in 2001 and reduced to approximately 20mg/l in 2010.  SMW3 had sulfate 
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concentrations around 300mg/L in 2001 and dropped to approximately 100mg/L in 2002.  By 
2003 the concentration had risen again and remained steady between 300 and 400mg/L.  The  
 
Fig. 4-11 Decreasing trend of sulfate values seen in solute control wells.  Missing data was never 
reported to SIU.  SCW2 (WA-19R) broke down in 2008 and was replaced by SCW4 (WA-21R). 
 
variability of this well between 2001 and 2005 suggests one of two things.  Either the 
contaminant loading is not constant or certain remediation wells were undergoing maintenance 
during the sampling periods.  SMW4A shows sulfate values much higher than any other well 
nearby and usually stays above 2000mg/L (Fig. 4-12b).  The well averages above 3000mg/L 
with a high of almost 5000mg/L.  The well screen lies within the southern portion of Red Pond 
underneath the cap, directly in the slurry.  ESI (2003) argues that since it is screened in a poorly 
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chosen location, the sulfate concentrations do not represent actual loading concentrations.  
Concentrations of sulfate in SMW4B were unavailable for modeling purposes.  The sulfate 
 
Fig. 4-12a Sulfate concentrations in monitoring wells within mine property.  Concentrations over 
time show decreasing or stabilizing values. 
 
 concentration in this well could originate from a small volume of refuse that releases more 
sulfate than the rest of Red Pond. 
 Monitoring wells outside of the mine (sentry wells) also show a general decreasing trend 
(Fig. 4-13).  SW1D has remained relatively constant with a slight decrease in sulfate 
concentration from 2001 to 2010.  Current levels of sulfate in this well range from around 10 to 
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20mg/L.  SW1S has sulfate concentrations that do not follow a neat pattern.  From 2001 to 2005 
the concentrations remain relatively steady.  As of 2007, a large spike in the data shows 
concentrations elevating into the 300 to 400mg/L range before lowering back to the stable range  
 
Fig. 4-12b Sulfate concentrations in monitoring wells within the mine property.  SMW4, 
screened in refuse, included. 
 
of less than 100mg/L in 2010.  SW2D showed decreasing sulfate concentrations from 2001 to 
2005.  In 2007 the concentrations began to rise again to reach levels of approximately 260mg/L 
in 2010.  SW2S sulfate levels rose from 2001 to 2007 before lowering back to original 
concentrations in 2010 around 70 to 80mg/L.  SW3S has decreased relatively steadily from 2001 
to 2010.  Just before the missing sample interval, SW1S shows a large spike in sulfate prior to 
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leveling back to around ~80mg/L.  This spike could be caused by alterations in pumping for well 
maintenance at the time of sample collection.  No other wells show similar spikes during the 
time period.  SW2D however shows a rising trend.  The rise in SW2D is likely due to the change 
in location of the remediation pumping wells from SCW2 to SCW4.   
 
Fig. 4-13 Sulfate concentrations in sentry wells (monitoring wells outside mine).  An overall 
decreasing trend is apparent in most wells.  SW1S shows a dramatic rise corresponding to a time 
when the mine had issues with some remediation wells.  The rise in SW2D also corresponds to 
the time with well issues.  
 All SVCD production wells show stable levels of sulfate over time (Fig. 4-14).  This 
suggests that current discharge and pumping conditions have caused the plume to reach steady 
state near the production wells. 
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Previous studies have shown that surface discharge from the make-up lake infiltrates 
back into the aquifer near the original SVCD well field causing elevated levels of sulfate.  The 
western portion of the unnamed tributary to Cypress Ditch from the mine is simulated as a 
source.  Sulfate concentration from the mine currently discharges around 600mg/L.   Twenty 
percent of the concentration of the surface discharge is used as the source concentration, which 
was determined during model calibration.   
 
Fig. 4-14 Sulfate concentrations in the SVCD production wells.  Concentrations have become 
stable with current conditions.  SVCD-4, SVCD-6, and SVCD-7 show minimal impacts. 
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CHAPTER 5  
NUMERICAL MODEL 
MODEL GRID 
 The model uses variable grid spacing, with cells ranging from 30.38m (100ft) near the 
mine site and expands by 7.62m (25ft) at each successive cell until achieving a maximum 
spacing of 60.96m (200ft) farther away.  The model consists of two layers, 652 rows, and 405 
columns for a total of 528,120 cells. The grid occupies approximately 830km
2 
(320mi
2
).  The 
active cells account for approximately 450km
2 
(174mi
2
).   
 The boundaries of the model originated from ESRI shapefiles created in GIS.  The ISGS 
has many geologic map shapefiles including Illinois Quaternary units and Illinois sand and 
gravel aquifers.  These files helped identify the extent of the aquifer and the location of the 
bedrock highs of Shawneetown Hills and Gold Hill.   
  Grid spacing was similar to dimensions used by the Geosyntech (1995) and ESI models 
(2003).    Variably spaced grids generally have less accuracy than uniform grids.  However, non-
uniform grids are acceptable as long as the grid expansion occurs at a factor of 1.5 or less 
(Anderson and Woessner, 1992).  The expansion factor in this model never exceeded 1.25.     
MAJOR BOUNDARIES 
 Several major boundaries exist within the modeled region.  To the west, the bedrock rises 
and the aquifer thins and pinches out.  To the northwest, the aquifer interfingers with much less 
permeable sediments of silt and clay creating a no-flow boundary.  To the east the Ohio and 
Wabash Rivers have channels incised into the aquifer, forming a specified head boundary  
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Fig. 5-1 Model boundaries and grid.  The smallest grid cells are in the area near the mine which 
is shown in solid black since the spacing is too fine to see on the regional scale.  The red square 
indicates the previous model boundaries including the inactive cells (GeoSyntech, 1995; Prickett, 
1997; ESI, 2003).   
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equivalent to the stage in the rivers.  The Saline River forms the southern boundary.  This river 
also has a channel incised into the aquifer.  However, in order to retain flexibility in a sensitivity 
analysis, this boundary was simulated with the River Package in MODFLOW.  Fig. 5-1 shows 
the active cells in the model, the model boundaries, and the boundaries of models from earlier 
studies (Geosyntech, 1995; Prickett, 1997; ESI, 2003) for comparison. 
 The aquifer has two internal no flow boundaries; Shawneetown Hills and Gold Hill.  The 
hills are bedrock highs.  A 2km (1.24mi) wide valley separates the hills that is included as part of 
the aquifer. 
MODEL PARAMETERS 
 MODFLOW and MT3DMS include many options for modeling and each option usually 
results in slightly different answers or different methods of calculating heads or concentrations.   
 CELL ELEVATIONS 
 The top elevation of 107.9m (354ft) for the grid cells near the mine conforms to the 
general elevation used by ESI (2003).  This represents an average elevation of the flat-lying 
terrain west of Shawneetown Hills.   
Bottom elevations for the layer 2 grid cells came from the interpolated bedrock elevations 
using the interpolation feature of ModelMuse (see Fig. 4-7).  The top elevation of layer 2 was set 
exactly halfway between the top elevation of the grid cells in layer 1 and the bottom elevation of 
the grid cells in layer 2. 
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INITIAL HEAD 
 MODFLOW requires an initial head value in each cell to begin iterating toward a 
solution.  For the steady state flow model the initial head equals the model top elevation of 
107.9m (354ft). 
HYDRAULIC CONDUCTIVITY 
 Originally three zones of hydraulic conductivity were chosen based on zones defined by 
ESI (2003).  The lowest hydraulic conductivity zone near Shawneetown Hills was set to 32m/d 
(105ft/d).  The intermediate hydraulic conductivity zone in the western half of the aquifer was set 
to 50m/d (164ft/d).  The high hydraulic conductivity zone in the eastern half was set to 65m/d 
(213ft/d).  This zone was necessary in order to bring heads below the land surface.  The low 
hydraulic conductivity zone improved error when hydraulic conductivity was increased and the 
intermediate hydraulic conductivity zone improved error when lowered.  Since the error 
improved as the two zones approached similar values, they were combined and assigned a 
hydraulic conductivity of 50m/d (164ft/d) (see Fig. 4-6).   
 RECHARGE 
 The recharge values determined through calibration by ESI (2003) of 2.29x10
-1
m/yr 
(9in/yr) and 1.02x10
-1
m/yr (4in/yr) in the western slurry ponds and refuse area of the mine 
proved adequate through calibration.  Two values of recharge were used and the majority of the 
aquifer used the higher rate as a uniform value.     
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INTERNAL SOURCES AND SINKS 
  DRAINS 
 This model has the same drain stresses as that of ESI (2003).  Initially, drain elevations 
and conductances matched those of ESI (2003) (see Table. 4-2).  All drains in the ESI (2003) 
model have minimal slopes and were set to a static elevation in each cell.  The main stretch of 
Cypress Ditch (see Fig. 4-1) used ESI’s (2003) elevation of 106.67m (350ft) and a conductance 
calibrated for this study of 25m
2
/d (269ft
2
/d).  The stretch of Little Cypress Ditch (see Fig. 4-1) 
has an elevation of 106.67m (350ft) and a conductance of 4.096m
2
/d (44.1ft
2
/d), the original 
values used by ESI (2003).  The east-west stretch of Cypress Ditch (see Fig. 4-1) used an 
elevation of 106.67m (350ft) and a conductance of 70m
2
/d (753ft
2
/d).  Initial runs used the same 
value for conductance as the ESI (2003) model of 88.76m
2
/d (955ft
2
/d) but calibration improved 
with a somewhat lower value.  All elevation values correspond to elevations used by ESI (2003) 
for consistency.  This model also includes a drain that was not included in previous models 
connecting the east-west stretch of Cypress Ditch to the main stretch (see Fig. 4-1).  This drain 
used an elevation of 106.67m (350ft) and a conductance of 50m
2
/d (538ft
2
/d).    
RIVERS 
 Three river stresses in the model correspond to the Saline River in the south, Crawford 
Creek, and the unnamed tributary to Cypress Ditch (see Fig. 2-4; 4-1).  The Saline River stage 
has an elevation of 105.3m (345.5ft) in the north and 98.02m (321.6ft) in the south and 
interpolated values in each cell in-between based on the linear gradient.  Saline River bed 
elevations were 105m (344.5ft) and 97.72m (320.6ft) as the north and south elevations and 
interpolated values in each cell in-between based on the linear gradient.  The elevations for the 
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Saline River and Crawford Creek were determined by Hoyal (personal communication, 2008) by 
using topographic maps and GIS data.  The high conductance of 1000m
2
/d (10764ft
2
/d) simulates 
a specified head boundary as water can easily flow in or out of the system.   
 Crawford Creek became part of the model to drain the northwestern portion of the 
aquifer.  Before the addition of the creek, heads rose significantly higher than the land surface.  
A lower recharge in the north would also lower heads but since the creek represents significant 
drainage it was determined to be important to the hydrology of the aquifer.  Crawford Creek has 
a northeastern stage elevation of 114.29m (375ft), a southwestern stage elevation of 109.72m 
(360ft) and interpolated values in each cell in-between based on the linear gradient.  The river 
bed has an elevation of 113.99m (374ft) down to 109.42m (359ft) with interpolated values in 
each cell in-between based on the linear gradient.  Calibration suggested a conductance of 
115m
2
/d (1238ft
/2
/d).  Residuals continued to show minimal improvement even as the 
conductance reached values of ~600m
2
/d (6459ft
2
/d).   
 The unnamed tributary to Cypress Ditch also acts as a river stress in the model.  The 
tributary has a static elevation of 106.67m (350ft) similar to the model by ESI (2003).  ESI 
(2003) values proved adequate though calibration including a conductance value of 45.46m
2
/d 
(489ft
2
/d).   
  GENERAL HEAD BOUNDARIES 
 Two areas act as general head stresses which differ from river stresses slightly when 
heads fall lower than the bed elevation set in the boundary.  The make-up lake and Settlement 
Ditch are set as general head boundaries.  These also appear as general head boundaries in the 
model created by ESI (2003).  The elevation and extent of Settlement Ditch differs from the ESI  
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Fig. 5-2 Well locations of head observations used in flow calibration.  The red dot indicates WA-
9 which was not included in the calibration statistics.   
 (2003) model.  Settlement Ditch now extends to its natural origin near Inman.  The elevation in 
the north set at 112.8m (370ft), the south at 107.89m (354ft), and interpolated values in each cell 
in-between based on the linear gradient correspond to values determined by Hoyal (personal 
communication, 2008).  Calibration suggested a conductance of 50m
2
/d (538ft
2
/d). 
 The make-up lake changed significantly from the model by ESI (2003).  In that model, 
the lake was set to an elevation of 114.3m (375ft).  This elevation lies high above the land 
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surface.  The current modeled elevation of 109.7m (360ft) provides a more accurate depiction of 
the lake elevation.  Calibration suggested a conductance value of 10m
2
/d (107ft
2
/d).   
  WELLS 
 At the time of the flow calibration in April 1999, a total of 10 wells discharged water 
from the aquifer.  Irrigation pumping occurs later in the year and was not active during this time.  
Five production wells belong to the SVCD.  The five remediation wells belong to Peabody.  
Table 5-1 shows pumping rates assigned to each well for calibration simulations.  
Table 5-1 Wells and pumping rates used in model calibration.  Values in m
3
/d. 
Well Pumping rate 
SVCD 1 1886 
SVCD 2 1638 
SVCD 3 2062 
SVCD 4 4046 
SVCD 5 1876 
WA9 2944 
WA21 2425 
WA26 654 
WA27 845 
WA28 2017 
 
STEADY STATE FLOW CALIBRATION 
Steady state flow calibration requires a single stress period with a single set of targets.  
Parameter values were altered to find a combination of acceptable values that result in a low 
SSR.   
 Calibration took a total of 111 runs to determine suitable hydraulic conductivity, 
recharge, and conductance values for the different stresses in the model.  A total of 17 
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monitoring and remediation wells near the mine were chosen as targets.  Originally an 18
th
 
target, remediation well WA-9, was included (Fig. 5-2).  After trying several combinations of 
recharge and hydraulic conductivity for areas near the well, the residual of WA-9 would not 
reduce below 2.5m (8.2ft) above the observed head level.  Only by creating a small zone of 
hydraulic conductivity several orders of magnitude lower than the surrounding area could  
 
Fig. 5-3 Spatial plot of calibrated residuals.  Residuals displayed in m.  Make up lake is marked 
with a box for reference in the inset.  The Shawneetown Hills border is shown to the right.  The 
size of the circle indicates the relative magnitude of the residual.  Negative residuals (red in 
inset) indicate a modeled water lever higher than observed in the field.  Positive residuals (blue 
in inset) indicate modeled water level is lower than in the field.   
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modeled values resemble field values.  ESI (2003) also had trouble matching some targets.  ESI 
(2003) used a weighting factor of 0.1 for one well that would not calibrate.  Data from this well 
is no longer collected and as such was not used in the current model.  In this model, WA-9 was 
removed as a target to allow for an acceptable calibration.  WA-9 represents an outlier in the data 
and probably occurs due to the complex nature of the sediments near Shawneetown Hills.  Sand 
and gravel from the Ohio River interfingered with silts eroded from the hill.  WA-9 may be 
located in small isolated silty sediments with significantly lower hydraulic conductivity than the 
surrounding material. 
 Head measurements collected in April 1999, prior to any irrigation in the Saline Valley, 
were used for calibration.  ESI (2003) used the same data.  Hoyal’s (personal communication, 
2008) head measurements came from wells distributed regularly throughout the aquifer, but were 
collected in 2005 after irrigation pumping began in the valley.  Hoyal (personal communication, 
2008) also only collected two measurements near the mine and none from the wells on mine 
property.  For these reasons, ESI (2003) values proved more valuable for calibration near the 
mine.  Irrigation pumping could cause water levels to be lower in the calibration targets than they 
would be normally through most of the year.  This would interfere with an accurate calibration 
and as such both sets of data could not be used.  Values used in calibration of the model can be 
found in Appendix B. 
Overall, the calibration compares closely to calibrations from previous models of the 
aquifer (ESI, 2003).  A map of the residuals (Fig. 5-3.) shows no significant autocorrelation, with 
an even distribution of positive and negative residuals.  A plot of observed heads vs. modeled 
heads also shows a random distribution (Fig. 5-4) of residuals.  Table 5-2 contains observed  
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Fig. 5-4 Modeled heads vs. observed heads in model targets.  Plot shows an even distribution of 
positive and negative residuals and shows no sign of auto correlation. 
heads, simulated heads, and calibration statistics.  Contour maps of heads for both layers can be 
found in Appendix A. 
The overall flow budget shows very similar volumes of water entering and leaving the 
system (Table 5-3).  This accounts for water coming in and out of river cells, recharge, constant 
head cells, and specified head cells.  The difference of water entering and leaving the system is 
1.3m
3
 (343.4gal).  The overall percent discrepancy of 6.44x10
-6 
% indicates that most water is 
accounted for within the model. 
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Table 5-2 MODFLOW head calibration statistics.  All values in meters except Squared residuals 
and SSR which is in m
2
. 
Well Observed Value Simulated Value Residual Absolute Residual Squared Residual 
WA11 106.88 106.87 0.01 0.01 0.0001 
WA2 107.88 107.83 0.05 0.05 0.0023 
WA17 106.33 107.26 -0.93 0.93 0.8576 
WA7 107.78 107.02 0.76 0.76 0.5773 
WA18 106.61 106.60 0.01 0.01 0.0000 
WA5 106.86 107.09 -0.23 0.23 0.0518 
WA10 106.88 106.90 -0.02 0.02 0.0004 
GW25 107.66 107.33 0.33 0.33 0.1100 
GW23 106.40 106.68 -0.28 0.28 0.0790 
GW1 107.89 108.08 -0.19 0.19 0.0365 
WA3 108.01 108.39 -0.38 0.38 0.1480 
GW6 107.24 107.32 -0.08 0.08 0.0060 
GW27 106.95 106.91 0.04 0.04 0.0014 
GW21 107.06 106.79 0.27 0.27 0.0729 
WA106 107.12 107.86 -0.74 0.74 0.5502 
WA104 106.35 106.44 -0.09 0.09 0.0076 
WA105 107.46 106.66 0.79 0.79 0.6282 
        
Mean -0.04     
Stdev 0.44     
Abs Mean 0.31     
SSR 3.1294     
RMS 0.43     
 
Table 5-3 MODFLOW calibrated water budget.  All values in m
3
/d. 
  In Out 
Constant head 0 118985.3 
Wells 0 20418 
Drains 0 19709.88 
River Leakage 209.35 26699.11 
General Head 1911.64 20507.79 
Recharge 204200.3 0 
Total 206321.3 206320 
in-out 1.3  
% discrepancy 6.44E-6  
 
67 
 
SENSITIVITY ANALYSIS 
 The calibrated model was very sensitive to changes in recharge.  Near the mine, the 
model was also sensitive to changes in hydraulic conductivity (Fig. 5-5).  The model was  
 
Fig. 5-5 Results of the sensitivity analysis run on main parameters.  The multiplier changes the 
value of recharge, hydraulic conductivity, or conductance depending on which parameter is 
being altered.  Recharge is the most sensitive parameter shown by large changes in SSR values 
with minor alterations.  Most internal sources and sinks prove minimally sensitive.  The 
hydraulic conductivity zone (Kx) near the mine appears sensitive to lower values. 
relatively insensitive to changes in internal sources and sinks.  The analysis shows a high degree 
of uncertainty in many parameters such as source and sink conductances and hydraulic 
conductivity far from the mine.  Table 5-4 shows residuals for each parameter. 
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Table 5-4 Sum of Square residuals for the sensitivity analysis. C=Cypress; M=make-up lake; 
S=Settlement Ditch; CC=Crawford Creek; RCH=recharge; Kx=hydraulic conductivity.  
Conductances, hydraulic conductivity, and recharge were altered by the multiplier.    All values 
in m
2
/d. 
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0.5 33.17 3.09 5.86 3.43 3.33 3.98 2.95 3.12 3.30 3.00 2.95 
0.6 19.26 3.04 4.33 3.23 3.22 3.63 2.95 3.05 3.18 2.98 2.95 
0.7 11.50 3.00 3.57 3.09 3.13 3.37 2.95 3.00 3.10 2.97 2.95 
0.8 6.58 2.98 3.18 3.01 3.06 3.18 2.95 2.97 3.04 2.96 2.95 
0.9 3.86 2.96 2.99 2.96 3.00 3.05 2.95 2.95 2.99 2.95 2.95 
1 2.95 2.95 2.95 2.95 2.95 2.95 2.95 2.95 2.95 2.95 2.95 
1.1 3.74 2.94 3.01 2.95 2.91 2.88 2.95 2.96 2.92 2.94 2.95 
1.2 6.19 2.93 3.14 2.98 2.88 2.83 2.95 2.98 2.89 2.94 2.95 
1.3 10.29 2.93 3.34 3.01 2.85 2.79 2.95 3.01 2.87 2.94 2.95 
1.4 16.02 2.93 3.57 3.05 2.83 2.77 2.96 3.05 2.85 2.93 2.95 
1.5 23.36 2.93 3.84 3.10 2.82 2.76 2.96 3.10 2.84 2.93 2.96 
 
CONTAMINANT TRANSPORT MODEL CALIBRATION 
 A series of 14 steady state stress periods for the flow model were required in order to 
calibrate the contaminant transport model (see Table 4-3).  The model begins in 1968 when 
mining operations commenced and runs through 2010.  The model is calibrated to data from 
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2001 and verified in 2010.  After calibration of the model to 2001 data, a new stress period was 
added and source concentrations for that period were adjusted to simulate sulfate concentrations 
found in 2010.  Table 5-5 shows calibration statistics for both the 2001 calibration and the 2010 
verification.  Both 2001 and 2010 yields RMS values of less than 100.  RMS for the 2001 
calibration has a slightly higher value of 86.1mg/L while the 2010 has a RMS of 74.7mg/L.  
Table 5-5 Contaminant transport model calibration statistics.  Values in mg/L. 
Well (2000)Well  (2001) Calc Obs Residual Well (2010) Calc Obs Residual 
 SVCD_4         2.263 3.5 -1.24 SVCD_4         0.6502 10 -9.35 
 SVCD_3          67.06 74.8 -7.77 SVCD_3 24.46 91 -66.53 
 SVCD_1        3.136 36.9 -33.76 SVCD1 1.41 41 -39.59 
 SVCD_2          91.9 33.8 58.28 SVCD2 41.89 42 -0.08 
 SVCD_5           122.4 185 -63.23 WA9 314 400 -87.98 
 WA9 463.8 564 -101.80 WA28 360.3 365 -5.12 
 WA28  886.8 923 -36.32 WA21R 244.3 136 107.60 
 WA19R 506.4 657 -154.60 SVCD6 0.097 2.7 -2.61 
 SMW3  334.5 306 28.49 SVCD7 0.00094 7.2 -7.20 
 SMW5 1000 1000 0.00 SMW3 420.4 370 50.54 
 SW1D 224.3 47 176.60 SMW5 370 370 0.00 
 SW1S   215.9 81 133.70 SW1D 115.1 13 101.90 
 SW2S 98.84 79 18.43 SW1S 110.3 130 -19.86 
 SW2D  94.53 133 -40.12 SW2S 39.83 83 -43.93 
 SW3S 502.5 630 -131.30 SW2D 40.37 260 -220.50 
    SW3S 150.9 127 22.12 
        
Mean -9.31   Mean -13.37   
Stdev 88.56   Stdev 75.92   
Abs Mean 65.13   Abs Mean 48.96   
RMS 86.07   RMS 74.71   
correlation 0.97   correlation 0.87   
 
 A plot of modeled vs. observed concentration in the monitoring, remediation, and 
production wells show an even distribution of positive and negative residuals (Fig. 5-6).  The 
overall correlation falls closely along the best fit line with a few exceptions.  The exceptions 
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Fig. 5-6 Modeled vs. observed concentrations in the contaminant transport model calibration.  
No strong signs of auto correlation are present in the plot.   Some outliers exist which increase 
the RMS of the calibration.  Outliers are marked by green arrows. 
 come from the sentry wells and indicate that the model predicts too much sulfate in the area.  It 
is possible that the tributary to Cypress Ditch plays a larger hydrologic role than anticipated and 
removes more water from the aquifer than modeled.  A higher conductance would cause more 
water and sulfate to be removed from the system while causing minimal impact on the heads 
from the calibrated model.  Removing excess sulfate to the surface runoff through drain 
discharge by altering the drain conductances might improve the calibration of the transport 
model.  The residuals were within the statistical error allowed by ESI (2003) in the contaminant 
transport model calibration so no further action was taken.  The error allowed was 5% of 
difference between the largest positive and negative residual. 
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The overall contaminant transport model budget shows similar masses of sulfate entering 
and leaving the system (Table 5-6).  This accounts for sulfate coming in and out of constant 
concentration cells, drain cells, river cells, recharge, constant head cells, and specified head cells.  
The difference of sulfate entering and leaving the system is -2.91kg.  The overall percent 
discrepancy of -4.90x10
-3 
% indicates that most sulfate is accounted for within the model. 
Table 5-6 Contaminant transport model budget.  Values in mg. 
 In Out 
Constant Concentration 5.041E+10 -1.283E+10 
Constant Head 0.000E+00 7.169E-13 
Wells 0.000E+00 -3.221E+10 
Drains 0.000E+00 -9.505E+08 
Rivers 0.000E+00 2.096E-11 
Head-dependent 0.000E+00 -5.482E+04 
Mass storage 9.133E+09 -1.355E+10 
Total 5.954E+10 -5.955E+10 
Net (in-out) -2.910E+06 
Discrepancy (percent) -4.90E-03 
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CHAPTER 6 
SCENARIO ANALYSIS AND CONCLUSIONS 
 The most important aspect of this study comes from the predictive sensitivity analysis, or 
scenario analysis.  This analysis creates scenarios of how the contaminant plume would develop 
if hydrologic parameters differed from the calibrated values.  As seen in Fig. 5-5, model 
hydraulic conductivities and the conductance of the internal stresses are relatively insensitive to 
changes.  While changes in many parameters have minimal effect on heads, the same changes 
can have large effects on the contaminant plume as illustrated in this chapter. 
MODELING ASSUMPTIONS 
 Several assumptions were made in the model.  First, the model assumed that heads reach 
steady state rapidly.  Secondly, the model assumes the standard finite difference method for 
advection will yield an acceptable solution.  The third assumption is that all wells pump 
constantly.  The fourth assumption is that sulfate tracks like a particle and does not undergo any 
biogeochemical reactions.  Finally, the model assumes that sulfate releases steadily from the 
source.  
 This model also simulated each stress period under steady state conditions.  This 
assumption implies that heads in the aquifer reach steady state soon after a stress is changed.  If 
heads do not reach steady state quickly, the model will introduce error in the contaminant 
transport simulations.  One model was run twice, once as steady state and once as transient, and 
the heads were recorded at SVCD-8 to test this assumption.  Storage variables used by ESI 
(2003) of 2.07x10
-3
m
-1
 for specific storage (elastic storage) and 0.2 (ratio) for specific yield were 
entered into the transient model.  The steady state and transient heads showed a minimal 
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difference of 0.09m after 25 days indicating that heads come to steady state quickly (Table 6-1).  
The transient simulation yielded a solution similar to the steady state simulation after a period of 
only 92 days.  Assuming steady state heads for each stress period should have minimal effect on 
the overall contaminant transport model by making it more conservative because the gradients 
toward pumping wells will be greater for longer periods allowing more sulfate to reach those 
wells. 
Table 6-1 Comparison of steady state and transient heads.  SS is the head values for the steady 
state run and the time is for the elapsed time in the transient model.  All heads were checked at 
SVCD-8. 
Time (days) Head (m asl) 
SS 106.72 
0 107.89 
25 106.81 
56 106.75 
92 106.74 
 
 ESI (2003) used the standard finite difference method of solving for advection and in the 
interest of consistency the current model also used the same method.  Since the method has 
proven to be somewhat unstable (Zheng & Wang, 1999), the solution was checked against the 
Modified Method of Characteristics (MMOC) option.  The RMS values for the standard finite 
difference option and the MMOC option are 74.71 and 75.41mg/L, respectively.  These values 
indicate that both methods produce similar results for the model thus making the finite difference 
method a reasonable choice.   
 All wells were treated as though they pumped constantly.  In reality, four wells are 
pumped at any given time.  While wells pump, a larger hydraulic gradient will pull more sulfate 
to the pumping well.  Results could be affected if a production well ceased or continued pumping 
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for extended periods of time.  The wells within the model pump the combined daily rate 
withdrawn by the SVCD to create average gradients. 
 Sulfate was treated like a particle and the model did not consider biogeochemical 
reactions.    Based on the differences in the 2003 ESI model and their post-audit in 2011, the 
observed sulfate in several wells measured lower than the modeled sulfate suggesting that some 
reactions may have occurred.  Treating sulfate as a particle also makes the model more 
conservative since reactions will not remove sulfate from its mobile phase. 
 The contaminant transport model also assumed that sulfate steadily releases from each 
source.  There is likely a daily fluctuation in the amount of sulfate released from each of the 
sources.  Wet years could add more sulfate while dry years could add less and an extended wet 
period (10+ years) could seriously violate this assumption. 
PREDICTIVE SENSITIVITY ANALYSIS 
 Thirteen scenarios were modeled in order to determine possible extent of future sulfate 
contamination.  Table 6-2 outlines major conditions associated with each scenario.   Table 6-3 
shows the source loading from here on defined as current loading.  Each scenario is based on the 
calibrated transport model, but included adjustment of key parameters and was modeled for 33 
years after 2010 (2043).  Table 6-4 and Fig. 6-1 show sulfate concentrations in the SVCD wells 
for each predictive simulation.  Changing parameters of the model will also change the sulfate 
concentrations and residuals within the model but the scope of this work is to determine worst 
case scenarios.  In the following scenarios, the terms current pumping rates and current source 
loading concentrations describes values used to calibrate to 2010 observations.  Scenario  
75 
 
Table 6-2 Scenario descriptions. 
Scenario Description 
1 Run 30 years in future, no change to parameters. 
2 Reduced source loading concentrations, current pumping rates from production and 
remediation wells. 
3 Mine pumping reduced to half of current rates using calibrated source concentrations. 
4 No mine pumping, calibrated source concentrations and the surface discharge 
continues to contaminate. 
5 No mine pumping, calibrated source concentrations, and river discontinues 
contaminating. 
6 Double dispersivity, no mine pumping, and calibrated source concentrations. 
7 Hydraulic conductivity, recharge, and all conductances increased by 1.5.  Mine 
pumping has been removed and uses calibrated source concentrations. 
8 Reduced source from surface discharge, current mine pumping. 
9 Irrigation pumping from three nearby wells simulated using calibrated source 
concentrations and no mine pumping 
10 Removal of the drainage along Cypress Ditch connecting the E-W and main sections.  
Scenario uses same parameters as Scenario 4. 
11 Steady state sulfate plume based on Scenario 4 parameters 
12 Increased SVCD production pumping 
13 Single stress period steady state flow and transport using parameters from Scenario 12 
 
Table 6-3 Original source loading functions using different concentrations than earlier 2001 
concentrations to verify model to 2010 sulfate concentrations seen in monitored wells.  Values 
represent those used to simulate the plume in 2010. 
Source Current Loading Concentration 
(mg/L) 
Ditch 200 
Slurry 1a 420 
Slurry 5 700 
Red Pond 425 
Make-up Lake 500 
South 40 Refuse Area 370 
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Table 6-4 Scenario concentrations.  Values in mg/L. 
 
 
Fig. 6-1 Sulfate concentrations over 13 scenarios never reach EPA recommended maximum 
guidelines for drinking water of 250mg/L.  The error bars associated with each scenario 
represent the uncertainty of 74.7mg/L determined by the RMS value of the calibration.  The 
worst impact to the water supply comes from not drilling a new well and increasing pumping 
rates to 4.25Mgpd (Scenario 13).  In this case SVCD-2 should not be pumped as heavily as other 
production wells. 
 
  1 2 3 4 5 6 7 8 9 10 11 12 13 
SVCD1 0.4 0.2 0.4 0.7 0.6 3.2 1.1 7.0 3.3 1.4 0.7 2.3 4.6 
SVCD2 12.4 6.8 14.8 26.9 25.5 38.7 8.7 76.5 39.3 46.3 26.9 106.4 155.0 
SVCD3 17.3 8.7 16.5 17.8 4.2 24.6 10.6 48.6 24.6 27.7 17.8 36.5 42.0 
SVCD4 0.6 0.3 0.6 0.7 0.0 3.5 4.5 6.9 3.3 0.7 0.7 0.6 0.5 
SVCD6 1.1 1.0 20.3 46.6 46.5 52.9 55.6 102.0 52.3 22.5 46.7 47.4 38.7 
SVCD7 0.0 0.0 0.2 0.4 0.4 2.4 2.5 4.6 2.4 0.2 0.4 0.5 0.2 
SVCD8 0.3 0.3 14.5 48.0 47.0 48.9 32.1 94.6 50.2 41.1 48.1 56.0 48.9 
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descriptions detail changes made in relation to Scenario 1.   Extra sulfate contours for layer one 
model data can be found in Appendix A. 
 Scenario 1 used current pumping rates from all nearby production and remediation wells 
and current source loading concentrations.  The model suggests that if source loading and 
remediation pumping remain constant, minimal impact will occur in SVCD production wells by 
2043 (Fig. 6-2).  Modeled sulfate concentrations range from 0 to 17.3mg/L in the SVCD  
 
Fig. 6-2 Scenario 1 sulfate plume in layer 2 in 2043.  SVCD production wells marked for 
reference.   
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production wells.  The original well field shows the highest, although minimal, concentrations of 
sulfate.  SVCD-3 and SVCD-2 showed the largest impact of sulfate contamination with a 
concentration of 17.3 and 12.4mg/L respectively. 
 Scenario 2 used current pumping rates and a 50% reduced source load (Fig. 6-3).  This  
 
Fig. 6-3 Scenario 2 sulfate plume in layer 2 in 2043.  SVCD production wells marked for 
reference.   
scenario shows a reduction in sulfate in most wells by almost 50%.  As expected, reduction in 
contaminant concentration yielded lower levels of contaminants in production wells, which range 
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from 0 to 8.7mg/L.  SVCD-3 and SVCD-2 showed the largest impact of sulfate contamination 
with a concentration of 8.7 and 6.8mg/L respectively. 
 Scenario 3 used current source loading concentrations and reduced remediation pumping 
by 50% (Fig. 6-4).  Modeled sulfate concentration remained similar to Scenario 1 with the  
 
Fig. 6-4 Scenario 3 sulfate plume in layer 2 in 2043.  SVCD production wells marked for 
reference.   
exception of SVCD-6 and SVCD-8 which suggests a small increase from the same wells in 
Scenario 1 of 19.3 and 14.2mg/L respectively.  Modeled sulfate concentrations range from 0.2 to 
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20.3mg/L in the SVCD production wells.  Elevated sulfate distributes evenly between both well 
fields.  SVCD-6 and SVCD-3 showed the largest impact of sulfate contamination with a 
concentration of 20.3 and 16.5mg/L respectively. 
 Scenario 4 eliminated remediation pumping and used current source loading (Fig. 6-5).   
 
Fig. 6-5 Scenario 4 sulfate plume in layer 2 in 2043.  SVCD production wells marked for 
reference.   
This scenario assumed that contaminated water from the make-up lake still contributed sulfate to 
the flow system.  Eliminating remediation pumping caused increases in all wells with the highest 
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concentrations in SVCD-6 and SVCD-8.  Modeled sulfate concentrations ranged from 0.4 to 
48.0mg/L in the SVCD production wells. Sulfate concentrations fall well below the 250 mg/L 
EPA guideline for sulfate in drinking water.  SVCD-8 and SVCD-6 showed the largest impact of 
sulfate contamination with a concentration of 48.0 and 46.5mg/L respectively. 
 Scenario 5 differed from Scenario 4 by removing infiltration from the make-up lake 
surface discharge as a source of contamination (Fig. 6-6).  Modeled sulfate concentrations range 
 
Fig. 6-6 Scenario 5 sulfate plume in layer 2 in 2043.  SVCD production wells marked for 
reference.   
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 from 0 to 47.0mg/L in the SVCD production wells.  This scenario has similar results to Scenario 
4 with the exception of slightly lower sulfate in SVCD-3.  SVCD-8 and SVCD-6 showed the 
largest impact of sulfate contamination with a concentration of 47.0 and 46.5mg/L respectively. 
 Scenario 6 eliminated remediation pumping and used calibrated source loading values.  
Dispersivity was doubled from 91.44m (300ft) to 182.87m (600ft) (Fig. 6-7).  Modeled sulfate  
 
Fig. 6-7 Scenario 6 sulfate plume in layer 2 in 2043.  SVCD production wells marked for 
reference.   
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values range from 2.4 to 52.9 mg/L in the SVCD production wells.  These modeled values also 
fall far below the EPA sulfate drinking water guideline.  SVCD-6 and SVCD-8 showed the 
largest impact of sulfate contamination with a concentration of 52.9 and 48.9mg/L respectively. 
 Scenario 7 increased every value of recharge, hydraulic conductivity, and all internal 
stress conductances found in Scenario 1 by 1.5 (Fig. 6-8).  1.5 represents the factor that allows 
 
Fig. 6-8 Scenario 7 sulfate plume in layer 2 in 2043.  SVCD production wells marked for 
reference.   
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 for the maximum reasonable recharge rate of 3.43E-1m/yr (13.5in/yr).  The maximum outer 
iterations were set to 200 in order to allow model convergence.  Modeled sulfate values range 
from 1.1 to 55.6mg/L in the SVCD production wells.  SVCD-8 and SVCD-6 showed the largest 
impact of sulfate contamination with a concentration of 55.6 and 32.1mg/L respectively.   
Table 6-5 shows heads from the normal recharge and conductivity values versus the 
higher values.  Normally, increasing recharge and hydraulic conductivity by the same factor 
yields the same heads.  This is not true since there are several fixed discharge (well) stresses 
within the model.  Because some heads rise above the land surface, Scenario 7 represents an 
unlikely combination of parameters. 
Table 6-5 Comparison of heads using calibrated parameters and the increased parameters of 
recharge, hydraulic conductivity, and conductance.  The land surface in the region is 
approximately 107.9m (354ft) asl. 
 Calibrated 1.5x higher 
parameters 
Difference 
SVCD-1 107.21 108.22 1.01 
SVCD-2 107.07 108.05 0.98 
SVCD-3 107.1 108.03 0.93 
SVCD-4 107.62 108.42 0.8 
SVCD-6 106.91 107.61 0.7 
SVCD-7 107.37 108.06 0.69 
SVCD-8 107.34 107.93 0.59 
 
 Scenario 8 eliminated remediation pumping and doubled the calibrated source loading 
(Fig. 6-9).  This caused problems with the calibrated values found in 2010.  Sulfate 
concentrations in targets WA-9, WA-28, SMW3, SMW5, and SW3S on the mine property are 
much higher than measured indicating that the loading concentrations in this scenario are 
excessive (Table 6-6).  The modeled sulfate values ranged from 4.6 to 102.0mg/L in the SVCD 
production wells.  Every value still falls well below EPA sulfate drinking water guideline.  
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Fig. 6-9 Scenario 8 sulfate plume in layer 2 in 2043.  SVCD production wells marked for 
reference.   
Table 6-6 Modeled and observed sulfate concentrations in selected wells near the mine for the 
elevated source concentration scenario.  This data suggests that increasing loading concentrations 
leads to unreasonable concentrations. 
 Modeled Observed 
WA9 844.3 401 
WA28 773.6 364 
SMW3 784.7 370 
SMW5 740 370 
SW3S 741.7 127 
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SVCD-8 and SVCD-6 showed the largest impact of sulfate contamination with a concentration 
of 102.0 and 94.6mg/L respectively. 
 Scenario 9 determined if three nearby irrigation wells pumping at a rate of 150m
3
/d 
(27gpm) (Fig. 6-10) will cause any change in the sulfate plume.  The scenario uses current  
 
Fig. 6-10 Scenario 9 sulfate plume in layer 2 in 2043.  SVCD production wells marked for 
reference.   
source loading and no remediation pumping. Modeled sulfate values range from 2.4 to 52.3mg/L 
in the SVCD production wells.  Due to the location of the irrigation wells (see Fig. 4-2) causing a 
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larger gradient to the east and west, irrigation pumping caused a slight increase in the size of the 
plume.  SVCD-8 and SVCD-6 showed the largest impact of sulfate contamination with a 
concentration of 52.3 and 50.2mg/L respectively. 
 In many scenarios, contamination sometimes stopped at the drainage from the east-west 
stretch of Cypress Ditch to the main run (Fig. 6-11).  Discharge from the aquifer to the ditch may 
 
Fig. 6-11 Scenario 10 sulfate plume in layer 2 in 2043.  SVCD production wells marked for 
reference.   
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 be removing a higher concentration of sulfate from the modeled results than actual 
concentrations in the field from this drain, inaccurately shielding the newer well field from 
contamination.  Scenario 10 was run with the same parameters as Scenario 4 but with the 
drainage removed from the model.  Modeled sulfate values ranged from 0.2 to 46.3mg/L in the 
SVCD production wells.  The newer well field showed a decrease in sulfate while the original 
well field showed an increase, contrary to expectations.  The small increase did not significantly 
affect the overall results.  This shows that the drain removes minimal sulfate from the aquifer.  
The drain was originally added to minimally decrease the residual found in the monitoring well 
near the newer well field.  If the water that discharged into the drain from the aquifer were to 
infiltrate back into the aquifer farther downstream, some of the sulfate would then re-
contaminate the aquifer.  This would cause a very minimal spike in the SVCD wells in the 
original well field.  SVCD-2 and SVCD-8 showed the largest impact of sulfate contamination 
with a concentration of 46.3 and 41.1mg/L respectively. 
 Scenario 11 details a steady state sulfate plume based on loading and pumping rates from 
Scenario 4 (Fig. 6-12).  Concentrations in the SVCD production wells were compared to 
concentrations from Scenario 4.  Sulfate concentration in the SVCD production wells were the 
same in Scenario 11 and Scenario 4.  Since the concentrations do not rise in Scenario 11, the 
sulfate plume no longer grows and has reached steady state at least in Scenario 4.  Since 
pumping rates and loading functions remain similar in most scenarios, all scenarios are assumed 
to run to steady state.  SVCD-8 and SVCD-6 showed the largest impact of sulfate contamination 
with a concentration of 48.1 and 46.7mg/L respectively. 
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Fig. 6-12 Scenario 11 sulfate plume in layer 2 in 2043.  SVCD production wells marked for 
reference.   
 Scenario 12 simulates the development of the contaminant plume if demands increased 
and greater pumping occurs from the SVCD production wells (Fig. 6-13).  This scenario assumes  
4.25Mgpd pumped evenly from all seven production wells.  SVCD-2 shows a high concentration 
of 106mg/L.  Higher demands on the SVCD could have an impact on the water supply.  SVCD-2 
and SVCD-8 showed the largest impact of sulfate contamination with a concentration of 106.4 
and 56.0mg/L respectively. 
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Fig. 6-13 Scenario 12 sulfate plume in layer 2 in 2043.  SVCD production wells marked for 
reference.   
 Scenario 13 was run as a steady state transport model with one stress period using the 
2010+ pumping  in Scenario 1 for all wells other than SVCD-2 and source loading functions 
from Scenario 12 (Fig. 6-14).  SVCD-2 was set to the pumping rate from Scenario 12 of 
2300m
3
/d (422gpm).  This scenario tests whether the plume actually reached steady state during 
Scenario 12.  The scenario examines the impact of doubling the pumping rate of SVCD-2 from 
the higher pumping rates of Scenario 12.  With the exception of SVCD-2 which showed an 
increase in sulfate, other wells remained similar to concentrations predicted by Scenario 12.   
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Fig. 6-14 Scenario 13 sulfate plume in layer 2 in 2043.  SVCD production wells marked for 
reference.   
Both this scenario and Scenario 12 show that SVCD-2 is the most at risk by increased pumping.  
SVCD-2 lies the closest geographically and down gradient to the contamination from the mine 
making it the most likely to have negative consequences.  SVCD-2 and SVCD-8 showed the 
largest impact of sulfate contamination with a concentration of 155.0 and 48.9mg/L respectively. 
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CONCLUSIONS 
 The model should simulate the sulfate plume conservatively if all assumptions remain 
valid.   Since heads reach steady state relatively quickly, steady state modeling proves adequate.  
The modeled plume should actually be slightly larger in the early time periods but eventually 
will reach steady state by 30 years.  
 The wells are assumed to pump constantly and this is not a totally accurate representation 
of reality.  The plume will move farther in space while wells are pumping and not move toward a 
well when not pumping.   
 Sulfate is known to interact with the biogeochemical environment.  This could cause 
sulfate to sequester in another unexpected location that could later be released.  The occurrence 
of the capture and release of sulfate would be nearly impossible to predict and accurately model. 
However, data from a previous post-audit done by ESI (2001) suggested that reactions do occur 
since their model over predicted sulfate concentrations.  When they do, the model generally 
becomes conservative and the actual sulfate concentrations seen in the monitoring wells are 
generally lower than the modeled concentrations. 
 Sulfate is also assumed to be released at a steady rate as well.  During dry years, the 
average sulfate being released is expected to become lower and during dry years the released 
sulfate is expected to be higher.  The model uses an average value and should represent the 
average plume size. 
Assuming that calibration of the flow and transport model represents average conditions 
within the aquifer and current pumping rates do not increase, contaminant concentrations should 
not exceed 102mg/L.  With increased pumping, sulfate concentrations may reach levels as high 
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as 155mg/L.  Scenario 8, which shows concentrations of 102mg/L in SVCD-6, 94.6mg/L in 
SVCD-8 and 76.5mg/L in SVCD-2, represents a failing reclamation cap.  Concentrations for 
WA-9, WA-28, SMW3, SMW5, and SW3S had modeled concentrations much higher than the 
trends observed in those wells (see Fig. 4-11, 4-12a, 4-13).  As future demand for water grows, 
the SVCD will need to increase the amount of pumping.  A value of 155mg/L from increased 
pumping by SVCD production wells represents a very real possibility in the future.  If pumping 
increases in the future to 1.61E4m
3
/d (4.25Mgpd) without the installation of a new well west of 
existing wells and outside of the influence of mine contamination, SVCD-2 may need to be 
sealed and removed from use by the district.  If these scenarios are ignored, the model indicates 
sulfate concentrations up to 55.6mg/L, acceptable concentrations according to the EPA sulfate 
concentration drinking water guideline.  
In all cases SVCD-1, SVCD-4, and SVCD-7 show sulfate levels that indicate almost no 
impact from mining operations.  The sulfate levels in those wells never rise above 7.0, 6.9, and 
4.6mg/L respectively.   
Based on the scenario analysis, Peabody remediation wells may cease pumping.  
Cessation of pumping does not however mean the steward can just walk away from 
responsibility of the mine.  At a minimum, water quality testing should continue from the SVCD 
production wells, the monitoring wells, and the remediation wells. 
Installation of additional monitoring wells is also recommended (Fig. 6-15).  A 
monitoring well near the northern reach of Red Pond would give a better indication of sulfate 
coming from Red Pond.  Monitoring wells between the current sentry monitoring wells and the 
northwestern well field would give a better warning of an encroaching sulfate plume. 
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Fig. 6-15 Recommended expansion of monitoring wells as red dots.  SVCD wells shown for 
reference.  Monitoring wells near the SVCD wells will monitor encroaching sulfate.  Eastern 
wells monitor solutes coming from northern expansion of Red Pond. 
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The SVCD should also follow a pumping protocol to ensure the highest quality of water 
for their district.  SVCD-1, SVCD-4, or SVCD-7 should pump the most water in order to dilute 
the sulfate present in the impacted wells.  SVCD-2 should always pump with caution and at a 
lower rate than the other wells.  With these recommendations, the contaminant plume should 
reach steady state and the SVCD wells should not pump significantly elevated levels of sulfate. 
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A-1 Eagle No. 2 mine 1994 
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 A-2 Eagle No. 2 mine 1998
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 A-3 Eagle No. 2 mine 2005
101 
 
 A-4 Eagle No. 2 mine 2006
102 
 
 A-5 Eagle No. 2 mine 2007
103 
 
 A-6 Eagle No. 2 mine 2009
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 A-7 Eagle No. 2 mine 2010
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 A-8 Eagle No. 2 mine 2011 
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A-9 Hydraulic head contour map layer 1 
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A-10 Hydraulic head contour map layer 2 
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A-11 Water table contour map 
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A-12 Water table contour map near mine 
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A-13 Scenario 1 sulfate plume in layer 1 in 2043.  SVCD production wells marked for reference. 
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A-14 Scenario 2 sulfate plume in layer 1 in 2043.  SVCD production wells marked for reference. 
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A-15 Scenario 3 sulfate plume in layer 1 in 2043.  SVCD production wells marked for reference. 
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A-16 Scenario 4 sulfate plume in layer 1 in 2043.  SVCD production wells marked for reference. 
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A-17 Scenario 5 sulfate plume in layer 1 in 2043.  SVCD production wells marked for reference. 
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A-18 Scenario 6 sulfate plume in layer 1 in 2043.  SVCD production wells marked for reference.  
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 A-19 Scenario 7 sulfate plume in layer 1 in 2043.  SVCD production wells marked for 
reference. 
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A-20 Scenario 8 sulfate plume in layer 1 in 2043.  SVCD production wells marked for reference. 
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A-21 Scenario 9 sulfate plume in layer 1 in 2043.  SVCD production wells marked for reference. 
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A-22 Scenario 10 sulfate plume in layer 1 in 2043.  SVCD production wells marked for 
reference. 
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A-23 Scenario 11 sulfate plume in layer 1 in 2043.  SVCD production wells marked for 
reference. 
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A-24 Scenario 12 sulfate plume in layer 1 in 2043.  SVCD production wells marked for 
reference. 
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A-25 Scenario13 sulfate plume in layer 1 in 2043.  SVCD production wells marked for 
reference.  
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Table B-1 Location of points encompassing mine contaminant sources with the exception of the 
surface drainage.  Coordinates in NAD-83 16N. 
Contaminant Source Easting Northing 
Slurry 5 392215.09 m E 4177143.88 m N 
 392561.12 m E 4177194.36 m N 
 392585.00 m E 4176813.82 m N 
 392217.86 m E 4176817.19 m N 
 392215.09 m E 4177143.88 m N 
   
Slurry 1a 392621.61 m E 4177196.03 m N 
 392854.43 m E 4177263.42 m N 
 392870.02 m E 4176977.62 m N 
 392771.07 m E 4176813.77 m N 
 392624.85 m E 4176816.27 m N 
 392621.61 m E 4177196.03 m N 
   
Make-up 392956.98 m E 4177365.99 m N 
 393252.83 m E 4177425.02 m N 
 393269.29 m E 4177241.17 m N 
 393171.75 m E 4177066.56 m N 
 392952.92 m E 4177147.36 m N 
 392956.98 m E 4177365.99 m N 
   
Red Pond 393359.69 m E 4177806.81 m N 
 393563.29 m E 4177817.94 m N 
 393769.25 m E 4177470.86 m N 
 393413.75 m E 4177270.55 m N 
 393347.17 m E 4177341.69 m N 
 393359.69 m E 4177806.81 m N 
   
South 40 392510.43 m E 4176692.21 m N 
 392888.48 m E 4176702.68 m N 
 392883.48 m E 4176451.03 m N 
 392504.58 m E 4176439.80 m N 
 392510.43 m E 4176692.21 m N 
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Table B-2 Location of wells used in the model.  Some well not included due to very close spatial 
relationship to listed wells.  Coordinates in NAD-83 16N. 
Well Easting  Northing 
SW3 393034.01 m E 4177686.45 m N 
SW2 392204.03 m E 4177475.58 m N 
SW1 391716.06 m E 4176682.25 m N 
WA9 392608.39 m E 4177291.32 m N 
WA28 393338.51 m E 4177543.79 m N 
WA19R 392129.06 m E 4176994.14 m N 
WA21R 392456.29 m E 4176685.86 m N 
SMW5 392709.17 m E 4176665.30 m N 
SMW3s 392874.07 m E 4176970.28 m N 
SVCD 1 391641.62 m E 4176132.22 m N 
SVCD 3 391279.13 m E 4176337.49 m N 
SVCD 2 391658.76 m E 4176378.51 m N 
SVCD 4 390462.26 m E 4176763.33 m N 
SVCD 6 391694.22 m E 4178235.63 m N 
SVCD 7 391410.38 m E 4178409.42 m N 
SVCD 8 391514.00 m E 4178025.00 m N 
Irrigation 1 394533.71 m E 4178187.38 m N 
Irrigation 2 392430.52 m E 4178613.68 m N 
Irrigation 3 391027.58 m E 4178010.46 m N 
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Table B-3 Bedrock borings from Gallatin County.  Depth to bedrock is in meters and latitude and 
longitude are in degrees. 
 
Table B-4 Analysis to determine the quality of the flow calibration.  Values in m
2
. 
  Recharge 
Low Kx 
(32) 
Intermediate Kx 
(50) 
High Kx 
(65) 
Multiplier SSR SSR SSR SSR 
0.5 19.39750 7.05547 3.53163 3.61292 
0.6 13.21830 5.26680 3.44410 3.54519 
0.7 8.63280 4.38643 3.39431 3.49992 
0.8 5.53716 3.90440 3.37876 3.46850 
0.9 3.82429 3.61618 3.39236 3.44646 
1 3.43067 3.43067 3.43067 3.43067 
1.1 4.32467 3.30363 3.48957 3.41941 
1.2 6.48010 3.21222 3.56544 3.41143 
1.3 9.87671 3.14366 3.65527 3.40587 
1.4 14.50760 3.09073 3.75642 3.40212 
1.5 20.36020 3.04896 3.86682 3.39978 
 
 
Depth Lat Long  Depth Lat Long  Depth Lat Long  Depth Lat Long 
128 37.6618 88.3410   16 37.8159 88.3522   22 37.6685 88.2125   121 37.7460 88.2292 
190 37.8443 88.0740   55 37.8032 88.2813   31 37.6501 88.1998   120 37.7465 88.2292 
96 37.7238 88.2280   45 37.7902 88.1736   12 37.6168 88.3470   112 37.7324 88.2420 
250 37.7775 88.1715   69 37.7295 88.3395   50 37.6148 88.1885   65 37.8682 88.2867 
272 37.8262 88.1183   20 37.7554 88.1623   134 37.7329 88.2234   65 37.8828 88.2682 
292 37.8279 88.1228   40 37.7335 88.1730   147 37.7329 88.2234   69 37.8847 88.2983 
166 37.6509 88.2634   149 37.7463 88.1916   75 37.6127 88.3063   73 37.8829 88.2869 
170 37.7583 88.0733   130 37.7404 88.2189   75 37.6588 88.2832   82 37.8681 88.3052 
237 37.8330 88.1041   88 37.7426 88.1892   92 37.7813 88.2833   80 37.8681 88.3052 
40 37.7245 88.3063   35 37.6942 88.2308   38 37.6018 88.3341   39 37.8775 88.2497 
37 37.8178 88.3148   30 37.7002 88.2260   346 37.8479 88.1382   39 37.8665 88.2497 
260 37.8336 88.1133   60 37.7734 88.0503   84 37.8326 88.2130   11 37.7341 88.3202 
276 37.8357 88.1175   60 37.7750 88.0549   55 37.7770 88.1280   13 37.7341 88.3202 
30 37.8922 88.1650   55 37.7750 88.0618   85 37.7584 88.1350   19 37.7341 88.3202 
90 37.7234 88.2869   24 37.7479 88.1191   40 37.7077 88.1468   41 37.7194 88.3392 
35 37.9012 88.1511   10 37.6462 88.3493   80 37.8646 88.1449   17 37.7041 88.2837 
25 37.8510 88.3708   16 37.6849 88.1785   35 37.7668 88.2877   17 37.7041 88.2837 
30 37.8315 88.3312   33 37.6816 88.2271   60 37.7288 88.1424   15 37.7041 88.2837 
19 37.6820 88.1811   49 37.8664 88.2616   29 37.6455 88.2475   14 37.7041 88.2837 
40 37.7591 88.1709   50 37.8665 88.2497   27 37.6455 88.2475   41 37.6895 88.2652 
50 37.8576 88.1933   30 37.8280 88.3276   4 37.6528 88.2611   17 37.6895 88.2652 
77 37.7334 88.2008   60 37.7487 88.3391   13 37.6455 88.2475   32 37.6306 88.3580 
61 37.8144 88.2852   60 37.7487 88.3391   37 37.8280 88.3276   20 37.8332 88.0327 
122 37.7452 88.2292   25 37.7341 88.3202   20 37.6455 88.2475   34 37.6537 88.2393 
124 37.7456 88.2292   23 37.7341 88.3202   10 37.6146 88.3247   38 37.7546 88.1031 
48 37.7267 88.3530   60 37.9053 88.1134   130 37.7339 88.2294   142 37.7339 88.2294 
21 37.6969 88.1372   86 37.7030 88.1629   23 37.7449 88.3295     
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Table B-5 Calibration of Settlement Ditch.  Conductance in m
2
/d and SSR values in m
2
. 
Settlement Ditch 
Conductance SSR 
25 3.71 
50 3.62 
75 3.62 
100 3.63 
 
Table B-6 Calibration of Crawford Creek.  Conductance in m
2
/d and SSR values in m
2
. 
Crawford Creek 
Conductance SSR 
50 
   
3.74  
75 
   
3.67  
115 
   
3.62  
125 
   
3.61  
150 
   
3.60  
 
Table B-7 Calibration of Cypress River.  Conductance in m
2
/d and SSR values in m
2
. 
Cypress River 
Conductance SSR 
20 3.67 
45.46 3.62 
60 3.61 
90 3.59 
115 3.58 
150 3.57 
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Table B-8 Calibration of the East-West portion of Cypress Ditch.  Conductance in m
2
/d and SSR 
values in m
2
. 
EW Cypress 
Conductance SSR 
50 3.51 
65 3.53 
88.76 3.62 
100 3.59 
 
Table B-9 Calibration of the main portion of Cypress Ditch.  Conductance in m
2
/d and SSR 
values in m
2
. 
Cypress Main 
Conductance SSR 
10 
   
3.89  
15 
   
3.51  
25 
   
3.26  
35 
   
3.37  
 
Table B-10 Calibration of the drainage around SVCD-6.  Conductance in m
2
/d and SSR values in 
m
2
. 
Cypress drain 
Conductance SSR 
25 
     
3.26  
50 
     
3.25  
75 
     
3.35  
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Table B-11 Calibration of Little Cypress.  Conductance in m
2
/d and SSR values in m
2
. 
Little Cypress 
Conductance SSR 
2 
   
3.27  
4.096 
   
3.25  
8 
   
3.26  
 
Table B-12 Calibration of the make-up lake.  Conductance in m
2
/d and SSR values in m
2
. 
Make up  
Conductance SSR 
2.5 
   
3.61  
5.364 
   
3.25  
10 
   
3.07  
12.5 
   
3.11  
 
 
129  
 
VITA 
 
Graduate School 
Southern Illinois University 
 
Ryan W Cox       
 
cox.ryan.w@gmail.com 
 
Northern Illinois University  
Bachelor of Science, Geology, December 2010 
 
 
 
Thesis Title: 
 A model of contaminant transport, Saline Valley Aquifer, Gallatin County, Illinois 
 
Major Professor:  Dr. Steven Esling 
 
 
 
 
